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FOREWORD

Thls report was prepared by The Dow Chemical Company, Midland,
Michigan, under USAF Contract Nr. FO4611-67-C~0025. The coucract
was initlated under Alr Force Program Nr. 750 @, AFSC Project
Nr. 3148, "Investigation of the Thermodynamic Properties of Pro-
pellant Ingredients and the Burning Mechanisms of Propellants.”
The work was administered under the direction of the Rocket Pro-
pulslon Laboratory, Edwards, Alr Force Base, with Mr. Curtis C.
Selph acting as Alr Force Project Officer.

This 1s the first annual report, covering the work performed
during 2 January 1967 through 31 December 1967. The Dow Report
Number 1s T-0025-4Q-6T.

This work was performed by R. W. Anderson, R. V. Petrella,
G. C. £inke, A. C. Swanson, and L. ¢. Walker under the technical
supervision of Dr. D. R. Stull and management supervision of Dr.
D. A. Rausch.

Publication of this report does not constitute Alr Force ap-
proval of the report's findings or conclusions. It is published
only for the exchange and stimulation of ideas.

W. H. Ebelke, Colonel, USAF
Chief, Propellant Division
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ABSTRACT

(¢) The heat of formation of crystalline lithium-deoped
beryllium hydride was derived from heat of hydrolysls 1n aqueous
"€l as -5.0 kcal/mol. This is slightly more negative than
previously found values for amorphous beryllium hydride.

(C) A sample of alane-terminated 1liquld beryllium hydride was
successfully hydrolyzed in a dloxane-HCl-water mixture. Analysils
of the reaction products demonstrated that the sample was not a
simple compound but probably a complex mixture of a compositlon
about AlgBe1i(CHs)zoHzo. The heat of formatlon of this mixture
from the elements was calculated from the heat of hydrolysis and
appropriate auxilliary heats of mixing to be -35.7%2.1 keal/100
grams.

(c) The heat of combustion of TVOPA in oxygen was determined.
First results showed large variations due to residual chlorirated
and/or fluorinated solvent. When nigh purity material became
avallable, reasonably precise values were obtalned. The average
heat of combustion led to AHfzgs = -208.1x2.9 kecal/mol, in good
agreement with work at Rohm and Haas Co.

(¢) DAHTP from Thiokol Chemical Corporation was found to be
a 2:1 mixture of NH4C1l0s and NaHe(C1l04)z. Heat of solution measure-
ments ylelded a heat of formatlion of -210.4 keal/mol. Purther work
on perchlorate combustion calorimetry is in progress.

(U) The heat of formation of CF4, a "key" datum in fluorine
compound calorimetry, was determined from the explosive reaction
of CzNz and NFs. The heat of explosion was determined in a
nickel bomb. When combined with the heat of formatlon of NFs
previously measured in this laboratory, the heat of formatlon of
CFs (g) was calculated to be -223.23%0.60 kcal/mol, in excellent
agreement wlth recent work at other laboratories.

(U) Gaseous CFs0NFp, when mlxed with hydrogen was found to
explode when ignited, ylelding HF, Nz, and CO. This reactlon was

-111-

CONFIDENTIAL




PRI o

wree-me-68-26 - CONFIDENTIAL

employed for a calorimetric study in a platinum-lined combustion
bomb fitted with a reservoir of water. The water cculd be forced
Into the bomb after the explosion, producing aqueous HF which 1is
a better defined state than gaseous HF. The heat of formation of
CFsONFa2(g) was derived as -189.1£0.8 kecal/mol. This value is
8lightly more negative than would be estimated from bond energy
terms.

(C) The heat of hydrolysis of ClFs0 (Florox), obtained from
Rocketdyne Corp., was measured 1n the same apparatus employed for
CF30NF2. Appropriate heats of mixing showed no significant thermal
effects from the complex final solutlon. The heat of formation of
Florox was found to be -33.2+0.5 kcal/mol (gas) or -40.2+£0.5 kcal/
mol (1liquid), in good agreement with work at Rocketdyne.

(U) Tetrafluorohydrazine (NzFs) could be mixed with cyanogen
wlthout reacting until ignition. This was the basis for a calorim-
etric rtudy leading to AHf(NgFs, g) = -4.7%0.6 keal/mol. This
value, as well as that glven above for CFs, 15 independent of the
heat of formation of HF. All other data in this report for )
fluorline compounds are based on NBS Technlcal Note 270-1 values
for HF (aq).

(U) Removal of solvent from TVOPA and preparation and
purification of CFgzONFz have both been completed. A photochemical
process and a low ftemperature fluorination procedure have been
used to prepare CFgzNFz. The latter was the better method.

(U) The combustion of boron for alr-augmented combustion has
been studied by the technique of flash pyrolysis. The combustion
behavior of boron-oxygen, boron-oxygen-water and boron-oxygen-
fluorine-contalning systems have been analyzed from the time of
initiation to 3000 usec. The combustion intermediates have been
characterized and the flame temperatures calculated.

(U) The presence of water in the comi :stion system increases
the formatlon of the intermediate HOBO and ir28ults in a lowered
flame temperature. The additlion of fluorine to the system

~fve
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(This Page 1s Unclassified)
precludes the formation of water and likely that of HOBO. The
result is a more efficient utilization of the horon and oxygen
resulting in a higher flame temperature.

vifipre o g o

(U) The combustion of boron in the presence of ammonium
perchlorate has also been studied. The combustion of the boron
takes place in an atmosphere of gaseous products resulting from the
deflagration of the AP. Only small amounts of water are present
In this system.

(U) Previous studies have shown water to be a major product
in the combustion of hydrocarbon binders. This, along with the
present work, suggests that in order to minimize the formation of
HOBO, via:

— ,MQHMEFWWWMfwmwmQW ERINLAAE

H20 + BOz » HOBO + OH

the hydrocarbon binder should be modiflied in such a way as to
minimize the formation of water. The results of the fluorine work
reported herein show that a fluorocarbon binder would minimize the

[FTPVRPEN

formation of water and HOBO.

e g 0w eeten,

-_v._
(Thir Page is Unclassified)
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(U)  THERMOCHEMISTRY

A. HEAT OF FORMATION OF LITHIUM-DOPED BERYLLIUM HYDRIDE (¢)

E : 1. Introduction (U)
3
&
B (c) & sample of llthlum-doped beryllium hydride was furnished
§ : by Dr. Fred W. Frey of Ethyl Corporation. The sample was char-
% acterized by Ethyl Corporation as follows:
1 Ethylane Sample No. E-166
Constituent:
Purity® 91.4%
Beryllium Metal 1.4%
. ’ Beryllium Alkylsb
Ca 0.7%
; Cs 0.0%
Ca . | 0.7%
Lithium® 1.4%
Chloride 0.31%
Beryllium Alkoxides 0.11%
Carbon 1.17%
Hydrogen ' 16.91%
Absolute Density 0.76 g/cc

X-Ray Phase 378-295 - 60%
Phase 3%8-208 - 40%

aPurity is average of deuterolysils and carbon-hydrogen, assuming _
all hydridic hydrogen bound to beryllium, none to lithilum. '

bAll alkyls assigned to beryllium.

cProbably present as lithlum hydride or lithium beryllium tetra-
hydride.
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(¢) The heat of formation of this crystalline beryllium
hydride was derived from measurements of the heat of golution in
hydrodhloric acid. Analytlcal data agree 1n general wlth those
of Ethyl Corporation, but differ in some quantitative aspects.

2. . Equipment (U)

(U) A rotating bomb calorimeter and a platinum-lined rotating
bomb were used for the calorimetry. An aufomatic bridge developed
under a previous contract was employed for the time-temperature
curves. The calorimeter was callbrated by combustlion of NBS
standard samples of benzolc acld. The value obtained for Ecalor
was 3428.05 c¢al/°C with a standard deviation of 0.01%. '

3. Procedure (U)

(C) A thin walled glass bulb was filled with 7.26 N HCZ,
scaled off, and placed 1n the platinum-lined bomb. The: bomb was
c¢laogsed and thoroughly flushed with dry prepurified nitrogen. The
bomb was locked into a dry box and opened. An analyticél balance -
in the dry box was used to welgh out an appropriate amount of
beryllium hydride which was then added to thc bomb. The bomb
was closed, removed from the dry box and placed in the calorim-
eter.' After initlal drift rate readings were taken, rotation of
the bomb was started. The tumbling glass bulb broke open and
reactlon took place. After completion of the calorimetric read-
ings, the bomb gases were analyzed by combustion to C0z and Hz0
and adsorption in Ascarite and magnesium perchlorate. The bomb
solution was recovered and anelyzed for beryllium and lithium.

(¢) To eliminate any systematic errors, the same procedure
was used for the heat of solution of a sample of beryllium metal.
The dilfference between heats of golutlion of the hydrlide and the
mefal 1s a measure of the heat of formatlon of beryllium hydride.

4. Analytical Results (U)

(C) A summary of the analytical data for the beryllium hy-
dride is given in Table I. The interpretation of these results

CONFIDENTIAL
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Table I

AFRPL-TR-68-26

Data for Beryllium Hydride (Sample E-166)

Element

Chlorine

Oxygen

Copper

Manganese

Iron

Beryllium

Lithium

Total Carbon
Total Hydrogen

Carbon
Hydrogen

Carbon

% of Sample

0.29 = 0.03
hoay + 0.01
0.10 + 0.01
Negligible
Negligible

75.6 + 0.2

1.34 + 0.04

1.76 £ 0.1
16.60, 16.73

1.16 = 0.02
33%.20 + 0.00

0.%2

Analysis Techpiqge
Neutron activation
Neutron activation
Neutron actlvation
Neutron actlvatlion
Neutron activatlon

Precipitation of BeO from
bomb solutlons, firing at
1000°C and weilghing

Atomic absorptlion analysls
of bomb solutions after
removal of beryllium

Direct combugtlion of sample
in oxygen and absorption of
€0z and Hz0

Combustion of bomb gases
formed by hydrolyslis and
absorption of COz and HzO

Carbon 1in bomb solutions

formed by hydrolysils and

analyzed by a combustion-
infrared method

-3=
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% 1g arbitrary. The results of both Ethyl Corporatlion and Dow

i were used to arrive at the proposed composition given in Table II.
The calculated elemental composition compares well with the experl-
mental results of Table I. There 1s alsc good agreement with
Ethyl Caorporatlion data except that our total hydrogen, as well as

our hydridic hydrogen, is slightly lower.

O e

. Table II -
% (¢) Proposed Composition of Beryllium Hydride (Sample E-166)
' Calculated Elemental Analysils
Mclecular Composition For This Composition, %
0.125 Cuo 0.10 Cu
0.327 BeCls 0.29 C1
1.535 LiH 4.32 0
0.775 Be(CzHs) 2 1.%4 L1
0.775 Be(CaHe)2 75.62 Be
; 0.110 Be(0OCzHs) 2 16.74 H
' 6.463 BeO 1.59 C
88 .740 BeHp
0.560 Be 1.16 C (gas phase)?
0.590 Residual ether 3%.23 H (gas phase)®

or solvent

aAssuming only the beryllium alkyls contribute to gas phase carbon
gives 1.16% C

bAssuming L1H, BeHz, Be, and beryllium alkyls contribute to gas
phase hydrogen glves %35. 23% H

(U) Two
talned from Electronlc Space Industrles,
taln 1.5% oxygen and gave erratic heat of solution results. A '

samples of beryllium metal were used.
Inc., was found to con-

A sample ob-

gecond sample obtalined from Unilted Minerals and Chemicals Cor-

¢ poration contained 0.012% oxygen by neutron activation analysis.
, X~Ray fluorescence analysls of thls second sample indicated no
other metals pregent in amounts greater than 0.001% each. The
total metallic impurity was indlcated az less than 0.01%.

Dt e - e A

)
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5. Calorimetric Results (U)

(U) The results of flve successful experiments on beryllium
metal are given in Table III. These values differ slightly from
thoge originally reported in Dow Quarterly Progress Report
AFRPL-TR-67-113 covering the period 1 January 1967 to 31 March
1967. After that report was issued, it was discovered that the
computer program for calculating the calorimeter temperature rise
contalned incorrect mathematlcal expressions. The corrected
results given here are considerably improved in precisdon. Two
runs previously reJected because they were far outside the usual
1imits of error are now found to agree well with the other five,
and a total of seven experiments are now given in Table IIT.

(U) The sample weight was corrected to mass in vacuum. The
density of beryllium was taken as 1.85 g/cc. The product of the
calorimeter equivalent and the corrected temperature rise 1s
equal to the total calories absorbed by the system. Addltlonal
heat was absorbed by the glass bulb, the acid, beryllium metal,
platinum addéd to the system, and one atmosphere of nitrogen in
the bomb. Heat capaclty values for these substances are gilven
in Table IV. The vaporization correction is due to the vaporizatilon
of water and HCl into the dry atmosphere of the »omb. The
average -AER/M for the five runs 1s corrected for 0.02% BeO to
yileld for the process (Be at. wt. = 9.0122):

Be(c) + 2 HCL (1 in 6.52 HC1) - BeClz (in aq HCL) + Ho(g)

AEg = -90.15 kcal/mol

on(g) = +1, AnRT = +0.59 keal/mol

AH. = -89.55 keal/mol

R

(C) The results of five runs on beryllium hydride are given
in Table V. The denslty was taken as 0.76 g/cc to correct welghts
to mass 1n vacuum. Additional heat terms for bomb contents were
calculated as for the berylllium metal runs. Heat capacity data

-5
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are listed in Table IV. The vaporization correction 1s the same

ag for the beryllium runs, since the ratio of acld to sample was
adjusted to make the final solution for the two sets of experiments
identical. The average -AER/M for four runs 1s adjusted for
impurities by means of data given in Table VI. The final value

for pure crystalline beryllium hydride applies to the process

(BeHz mol. wt. = 11.02814):

BeHz(c) + 2 HC1 (1 1n 6.52 HCl) » BeClz (in aq HC1l) + 2 Ha(g)

AER = -85.76 kcal/mol

an(g) = +2 AnRT = +1.18 kcal/mol

AHp = -84.57 kecal/mol
Table IV

(C) Heat Capaclty of Bomb Contents

Substance Cp, cal/g°K
Pyrex glass 0.17
7.26 N HC1 0.658
Platinum 0.0317
Nitrogen 0.178
Beryllium 0.43%6
Beryllium hydrilde 0.60

(c) Combining this result with the previous value for
beryllium metal ylelds for the hydride:

AHf2gg(BeHaz, c¢) = -5.0 keal/mol

(U) The uncertainty is difficult to assess because of the
large impurity corrections, but does not appear likely to exceed
£1 keal/mol. The result obtalned for this crystalline sample
1s ‘only slightly more negative than -4.5 kcal/mol obtained earlier
in thils laboratory for an amorphous sample.
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Table VI

(U) Heat of Reaction of Impurities with 7.26 N HC1l

Impurity -AEp/M, cal/g
CuC 137
BeCl: 576
LiH 5800
BeO 568
Be 02H5§2 1710
Be(C4Hg) 2 958
Be(0C2Hs) 2 124
Be oo43
B. HEAT OF FORMATION OF ALANE-TERMINATED LIQUID BERYLLIUM HYDRIDE,

ATBE (C)
1. Introduction (U)

(¢) A sample of ATBH was furnished by Dr. Frank Gunderloy
of Rocketdyne Division of North American Aviation, Inc. According
to a Rocketdyne Data Sheet accompanylng the sample, BeHz and in-
soluble impurities were filtered off and excess Al(CHsz)a removed
in vacuum to leave a clear mobile liquld. The density was ca. 0.7
g/ml at 25°C. Analytical data furnished by Rocketdyne implied
a composition close to [(CHs)241H]>:(CHsBeH)s. The material is
pyrophoric and moisture-sensitive.

(U) Thermochemical characterization of this sample is
described in the present work. A modified acid hydrolysis techni-
que proved to be successful. Analytical data obtained in the
course of thls work do not agree well with the Rocketdyne wvalues
and the sample compogltion is reinterpreted.

2. Equipment (U)

(U) A rotating bomb calorimeter and platinum-lined rotating
bomb were used for the calorimetry. An automatic bridge was em-
ployed for recording time-temperature curves. The calorimeter was
callbrated by combustion of National Bureau of Standards benzolc
acid. The value obtained for E (calor.) was 3428.05 cal/°C with
a standard deviation of 0.01%.

3. Procedure (u)

(¢) 'Hydmolysis of' the sample with aqueous HC1l gave large
amounts of carbon and other unidentified lnsoluble residues.

9
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Drawing on past experience with other reactive compounds, hydroly-
sis was tried with a mixture of 60 wt. % dioxane and 40 wt. % 7.26
N HCl, This mixture was found to react rapidly enough for good
calorimetry, but not so violently as to produce decomposition.
Additicnal thermochemical measurements were necessary o defilne
the complex fin~" gstate of BeClz arnd A1Clz dissolved in the diox-
ane-HC1l mlxture.

(C) For the sample hydrolysis experiments, a thin walled, 4o
ml glass bulb was filled with the dioxane-HCl mixture and sealed
off, The filled bulb was placed in the bomb; the bomb was closed
and flushed with dry nitrogen. The bomb was locked into a dry
box and opened. A dried glass syringe was filled with gbout 1 ml
of the liquid polymer and welghed on an analytical balance in the
dry box. The syringe was emptied into the bomb and rewelghed to

"obtain the weight or polymer charged to the bomb. The bomb was

closed, removed from the dry box, and placed in the calorimeter.
After initial drift rate readings, rotation was initiated, thé
glasslbulb broke open, and the reaction took place. Afterléom—
pletlon of the calorimetric readings, the bomb gases were'analyzed
for carbon and hydrogen. The bomb solution was recovered and
analyzed for aluminum and beryilium.

(C) To define the final state, comparison experiments were
made as follows. The average compogltion of the final solutlons
in the sample hydrolysis experiments were duplicated by mixing
appropriate amounts of (i) dioxane sealed in a glass bulb, (ii)
5.70 N HCl sealed in a glass bulb, (iii) BeClp dlssolved in HCl
sealed in a glass bulb, and (iv) solid AlCls*6 HpO. The heats of
formation of these components are known. The sealed glass bulbs
and solid AlCls-6 Hp0 were placed in the bomb and calorimetric
readings taken in as nearly as possilble the same way as for the
sample hydrolysis runs.

(U) To complete the calculations, the heat capacity of the
dioxane-HCl mixture and the heat of mixing of HC1l and dioxane were
needed. These quantities were measured in a simple glass Dewar
calorimeter.

-10-
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4, Analytical Results (U)

(U) A summary of the analytical data is given in Table VII.
The bomb gases were analyzed 1n two instances. The gases were
slowly released through a train consisting of a dry ice trap (to
remove dioxane), a sulfuric acid bubbler, a furnace to convert
CHe and Hz to COz and Hz0, and absorption tubes for welghing COz
and Ho0. Blank runs established a correction for a small amount
of dioxane which passed through the dry ice trap. The carbon and
hydrogen analyses are 1n reasonable agreement with those supplied
by Rocketdyne.

(U) The bomb solutions were analyzed in three sample hydrolysis
rung. Known mixtures of aluminum and beryllium 1n aqueous hydro-
chlorlc acld were made up and two methods were tested on these
mixtures. A4 20.00 ml portion of 0.1000 M aluminum solution with
excess ethylene dinitrilotetraacetic acld (EDTA) gave a titration
of 19.96 ml of 0.100 M zinc solution, but the same mixture in
combination with 25 ml of 0.1 M beryllium gave a titration of only
19.4 ml. This shows that beryllium interferes in the EDTA method.

Table VII
(U) Analytlcal Data on ATBH

Experiment No. % Al % Be % CHs % H (hydride) Total
Dow - 2 30.54 12.7%6
Low - 3 30.51 12.46 54.85 2. 44 100.26
Dow - 4 30.57 1l2.40 54.38 2.43% 99.78
Rocketdyne - 1 30.6 15.5 54 .6 2.7 103.4
Rocketdyne - 2 29.3% 15.5 54.6 2.7 102.1
Rocketdyne - 3 30.8 15.4 52.5 2.7 101.4
Calculated for
AlgBe11(CHa)29H2o 30.42 12.42  54.63 2.53 100.00

(C) Next cyclohexene dinitrilotetraacetic acld (CDTA) was
tried. This method gave gulte good results and was the one used
for the subsequent work. A known sgolutlion of 20.00 ml of 0.100 M
aluminum mixed with 25.00 ml of 0.1 M beryllium with excess CDTA

-11-
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gave a net titration of 19.94% ml of 0.1 M standard zinc solution.
A correction fdctor of 1.003 was used for the aluminum titration,

(U) Bomb solutions were made up to volume and a portion was
used for titration for aluminum by the CDTA method. Another portion
was used for the co-precipitation of aluminum and beryllium
hydroxlides with a slight excess of ammonium hydroxide. The flltrate
was neutralized back just to the alkaline side of methyl red
indicator with hydrochloric acid and refiltered on another filter.
This was done to collect any aluminum that may have remalned in
solution with the excess ammonium hydroxide during the first
filtration. Both papers wlth preclpitates were slowly ignilted at
the start and rfinally taken to 1000°C for one hour. The combined
oxides of berylliium and aluminum were cooled in a desiccator for
one hour and welghed. The welght obtained from known amounts of
aluminum and beryllium was found to be gslightly higher than the
amount calculated. A calculated welght of 0.16461 g of: combined
oxldes gave the actual welght of 0.16535 g. All of the welghts
of oxldes of the unknown samples were multlplied by the factor of
0.9955 to correct for the high welghts obtained with knowns.

(¢) As a check on the technigue, the solution from one of
the comparison runs was also analyzed. The results agreed very
well with the known amounts of beryllium and aluminum used 1ln the
comparison runs.

(c) The Dow and Rocketdyne analytical data are compared in
Table VII. The results are 1n good agreement except for the
beryllium content. Since the Dow results total close to 100% and
extra precautions were taken to insure correct beryllium values, the
Dow results are adopted. The empirical formula AlgBeii1(CHs)zgHzo
has a composition close to the average of the analytical results
and thils formula 1s used for further calculatlions on the heat of
fermation. The calculated composition for this formula 1s compared
wilth experimental values in Table VII.

-12-
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5. Calorimetric Results (U)

(U) Ccalorimetric results for the sample hydrolysis experiments
are glven in Table VIII. The values differ slightly from those
originally reported in Dow Quarterly Progress Report AFRPL-TR-67-210,
covering the periocd 1 April 1967 to 30 June 1967. After that report
was issued, it was discovered that the computer program for
calculating the temperature rise contalined incorrect mathematical
expressions. The corrected results glven here are considerably
improved in precision. The heat absorbed by the baslc calorimeter
system is the product of Atec, the temperature rise correlcted for
heat leak, and E (calor), the heat capacity of the system as
determined by calibratlion with benzoic acid. The remaining terms
are for heat absorbed by the various bomb contents. Heat capacity
values for the various solutlons, glass, etc. used 1n the calcula-
tions are given in Table IX.

(U) Five comparison runs were made, each with the various
reagent weights adJusted to reproduce within 0.1% the average
composition of the final solutions of the sample hydrolysls runs.
Duplicate determinations of the heat of mixing of dioxane and T7.26
N HCl were in good agreement at 16.11 cal/g of dioxane.

(C) The reaction scheme used to calculaté the heat of formation
is given in Table X. 1In these reactions, quantities enclosed 1n
brackets are solutions. The value for AE: is slimply the average
AER/M from Table VIII multiplied by the molecular weight of
AlgBei1(CHsz) zoHzo, 798.14. This gilves AE1 = -2271.0. The value
for AEz is the average of filve comparison experiments, ylelding
+421.1 kecal. The heat of mixing of dioxane and 7.26 N HCl measure-
ments gives AEs = -433.8 kecal. The heat of solution of Be metal
in 7.26 N HC1l was reported in our Quarterly Report for Jan. - Mar.,
1967, 1in connection with work on beryllium hydride, and glves
Ay = +991.6 kcal. The heats of solution of HC1 (gas) in water can
be calculated from data glven in National Bureau of Standards
Technical Note 270-1 as AEs = +879.3 kcal and ABEg = -13%2.2 keal.
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Table IX
(U) Heat Capacity of Bomb Contents at 25°C
Substance Cp, cal/g/°C Source
Pyrex glass 0.1885 7. De Vries, Ind. Eng. Chem. 22,
€17 (1930) .
ATBH . 0.5 Estimated
Dioxane-HC1l
Mixture 0.54%0 Measured, this work.
Dioxane 0.415 ¢. J. Jacobs and ¢. S. Parks, J.
Am. Chem. Soc. 56, 1513 (1934) .
5.70 N HC1 0.720 Measured, this work.
BeClz~-HCl
Solution 0.65 Estimated
AlCls 6 Hz0 0.293% Unpublished data, Dow Thermal Re-
search Laboratory.
Platinum 0.032 K. K. Kelley and E. G. King, g. S,
Bur. Mines Bull. 592 (1961).

(¢) The algebralc sum of these six reactlons glves reaction
seven, for which AEy = AE1 + AEz + AEz + AE4 + AEs + AEg = -1T45.0
kecal. Notlng that Reaction 7 involves an increase of 11 moles of

gasgeous substances, AH, can be calculated from:
AHy = ARy 4 11RT
= =1745.0 + 6.5
AHy = =1738.5 keal

The enthalples of formation gilven in National Bureau of Standards
Technlcal Note 270-1 are adopted: HCl(g), -22.062 kecal/mol; Ha0(1lilq)
= 68.315 keal/mol; CHi(g) = -17.88 kecal/mol; and AlCls*6 Ha0 = -643.3%
keal/mol. Combined with our measured AHy, these data yield for
AlgBQll(CHa)ggHzo:

AHP295° (11q)

I

-285.0 kcal/mol

]

-35.7 kecal/100 g
-15-
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; (C) The over-all uncertalnty 1s calculated as twice the over-
. all standard deviation to be £16.4 keal/mol or +2.1 keal/100 grams.
The uncertainty amounts to about 0.15% of the heat of combustion in
oxygen; it seems unlikely that the heat of combustion could be
directly measured to a higher degree of certainty.

s

C. HEAT OF FORMATION OF TVOPA, 1,2,3-tris[1,2-bis(DIFLUOROAMINO~
ETHOXY) ] PROPANE (C)

s A R S ¢

1. Introduction (U)

E (U) Rchm and Haas Company (1) reported a heat of formation

‘ for TVOPA. The purpose of the present work was to obtaln a second
value for the AHf°sgs.1s5 and to compare the two values. Both the
Rohm and Haas and the Dow Thermal Research Laboratory values were
obtained by measuring the heat of combustion of TVOPA in oxygen.

2. Materials (U)

\

(U) Three samples, designated as Batches A, B, and C, were
supplied us by Dr. B. F. Aycock of Rohm and Haas Company. The
first sample, Batch A, was shilpped as a 10 per cent solution in

; methylene chloride. It was designated TVOPA ATG-6 by Rohm and Haas
i and had been partially purified by acld washling and rough stripping
of production solvents. A second sample, Batch B, was shipped as

i production grade TVOPA (R and H batch No. 364-7) in a 70 per cent

‘ Freon 113-30 per cent chloroform mixture. A third sample of TVOPA,
Batch ¢, was shipped in a 65 per cent chloroform-35 per cent Freon
113 mixture. This batch was from the same Rohm and Haas Batch No.
%64-7 as Batch B, but C was acid washed while B was not. Table XTI
shows the infrared analytical data supplied by Rohm and Haas with
these three batches of TVOPA. Dr. Aycock of Rohm and Haas stated,
"It 1s a mixture of stereoisomers," (and), "statements about its
purity are approximate at best" (2).

(U) Batch A was burned in combustion Exp-1 through Exp-12
(Table XII), as reported earlier (3). At the time, a strong de-
pendence of the heat of combustion (AEc/M) on the chloride content
was noted. Then a large portion of Batch B was expended 1ln the

-17-
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(This Page 1s Unclassified)
evaluation of various purification techniques In cooperation wilth
the Dow synthesis group. Purified samples were burned in a platinum-
lined combustion bomb to determine the heat of combustion, and the
bomb solution was recovered for chloride analysls. The remalnder
of Batch B and part of C were then used in a flnal series of heat of
cgmbustion determinations on the TVOPA obtained by the best purifica-
tion technique. (See Synthesis Section of this report for details
on this technique.) Combustion experiment Exp-21 (Table XIII) used
a sample of thls purlified TVOPA. To dlfferentlate between that
part of the experimental scatter which was due to the calorimetry
and that part of the scatter due to varlatlons Iin sample purifilcation,
combustion experiments Exp-22 through Exp-28 were done on a 5.9 g
sample made by thoroughly mixing six, small, speclally purifled
samples. Ordinarily, the amount of TVOPA purified at ocne time was
less than one gram due to the explosive hazard. TVOPA 1s reported
to have the shock sensitivity of nitroglycerin (2).

Table XT

Standard Infrared

(U)  Analytical Data Supplied by Rohm and Haas

*R and H Batch JEE1022-4 =

R and H Batch R and H Batch R and H Batch
ATG-6 364 -7 JEE1022-U*

Infrared (Dow Batch &) (Dow Batch B) (Dow Bateh C)
EtOH, % <0.02 0.40 Trace
0-0=C, % <0.02 - -
c=C, % - Nil N1l
NONF 0.36 0.80 Trace
NF
5-GN, % 0.15 - -
5.78 4 . 0.010(absorb.) 0.237 0.19
5.92 u 0.031(absorb.) 0.047 0.047
6.23 - 0.60(0.23) 0.059(0.23)
6.40 1 Nil Nil Nil

R and H Batch 364-7 ucld washed.

(This Pa—g;,"gii_s Unclassified)

CONFIDENTIAL




R iy ly rae. TR
Cw gt e L S eAL LSAREHE G o L a it A ax SRS VSR PRI PSSP 22 s T A AR n - UL 2 f e Col otz 3 ma

: UNCLASSIFIED  srrer-tros-26
3
=
& Table XII
Eg‘ (u) Analytical Results and Energy of Combustion of TVOPA
E, Analysis Fluoride Chloride
E, EXp. "NTEFEFE_JL—TTEBFTHE Recovered mg Chloride -AFe/M
§' No. mg as Np mg/spl % per g TVOPA cal per g TVOPA
iz . First Seriles
1 13.4 268 92.9 26.5 3,241.0
2 10.9 259 96.8 20.5 3,265.2
3 12.0 294 98.0 12.7 3,291.0
4 10.0 328 98.4 10.1 3,286.0
5 12.1 336 99.7 5.8 3,330.8
6 11.8 339.5 99.8 13.1 3,289.3
7 12.1 293 97.8 16.4 %,261.0
8 9.3 204 97.7 2.3 3,345.5
9 11.4 270 96.3 2.0 3,354.3
10 11.2 268 99.4 3.0 3,314.1
11 11.0 225 100.2 8.6 %,320.6
12 11.4 285 100.0 16.8 3,271.1
Second’ Serles
i 13 9.3 223 100.2 19.8 3,214.0
14 10.0 236 99.4 19.5 3,311.1
15 10.0 240 99.3 13.1 3,296.0
B 16 10.4 218 98.0 4.5 %,%31.0
17 9.5 198 90.7 L.6 3,344 .0
18 10.5 226 97.2 3.5 3,327.2
19 10.0 239 98.5 3.5 3,324.0
20 10.0 217 98.3 3.3 3,413.5
21 10.0 223 95.1 Y1k %,366.9
Third Serles
22 9.5 219 99.3 1.9 3,372.1
23 9.7 217 98.6 1.9 3,269.6
24, 9.8 221 99.3 1.5 3,374.8
25 9.4 220 99.3 1.5 3,363.6
26 9.5 223% 100.2 2.1 3,360.0
27 12.5 201 98.5 1.7 3,352.7
28 9.7 216 95.4 2.1 %,352.7
*1.8£0.3

*Average of No. 22 through No. 28
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Table XIII

(U) Results of Elemental Analyses on TVOPA

Carbon Hyd%ogen Nit%ogen Fluorlde

Sample % 4
Dow (Exp. No. 22-28) 22.85 3.13 17.7 46.6
Dow (Exp. No. 18 & 19) 22.70 3.20 17.6 46,3
Dow (Exp. No. 21) 22.70 3.12 17.6 46.0
R & H ATG-6 22.48 3.26 17.25 45.9
Stolchiometric 22.41 2,93 17.43 47 .28

%. FEquipment (U)

(U) A typlcal rotating bomb calorimeter with a platinum-
lined combustion bomb was used for the calorimetry.

4., Procedure (U)

(U) It was necessary to burn the TVOPA as a solution or
mixture with a diluent, since the undiluted TVOPA detonated under
bomb conditions. The TVOPA and the diluent, 2-octanone, were
sealed in a Mylar bag for the combustion. A limited amount of a
diluent sample purified by preparatlve chromatography was Tirst
used. When this wags expended, an older sample was substituted.
This sample had a lower heat of combustion, and analysils showed
1% contained 0.3 per cent water (3). It was also found that to
get clean combustlon less than a third of the total heat (about
6,500 cal/g) could be contributed by the TVOPA. All of the
experimental inaccuraciesg were thus included in a third or less
of the measured heat.

(U) The procedure used to determine the sample welghts was
previously reported in detall (3) and can be summarlized as follows.
A welghed Mylar polyester fllm tube is divided into two compartments
by a small screw clamp across 1ts center. The two components
(TVOPA and 2-ocianone) are sealed in the two éompartments in turn.
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By weighling after seallng each component, the weights of TVOPA
and dlluent are obtained by difference. This procedure avoided
loss of the purified TVOPA, since the seals could be checked for
leaks before removal of the clamp and mixing.

Y R Y RO Y

o (U) The sealed bag contalning the diluted TVOPA was folded
Ly and placed in a platinum crucible. A cotton fuse was tied to

! the bag. The sample was burned in 40 atm of oxygen, with 10 cc

‘ of water in the bomb. After each combustlon the solutlion 1In the
bomb was guantitatively recovered by washing the bomb interior.

% : Analyses were made on the bomb washings for chloride, nitrate,
% and fluoride. '

(U) The heats of combustion of the polyester £1lm and the
= two samples of 2-octanone were run using 30 atm of oxygen and 1
; ml of water in the bomb.

' (U) The individual AEc/M values for the polyester film, and
the 2-octanone samples were given 1in an earller report (5). The

. average values are llisted below:
Average 3td.
ARG/ M Deviations
Sample cal/g cal/g
Polyester film 5,466.2 0.6
*
(1) 2-Octanone (pure) 9,397.0 2.0
(2) 2-Octanone (0.3% Hz0) 9,367 .7 £1.9

*Sample No. 1 is in good agreement with Geiseler and Ratzsch (4).

TVOPA combugtion experiments No. 1 through 8 used 2-octanone Sample

‘ No. 1, while 2-octanone Sample No. 2 with 0.3% water was used for
= experiments No. 9 through 28.

(U) The calorimeter was calibrated twice, since slight modi-
fications were made arlfter burning some of the earller samples. The
calorimeter was calibrated in both cases with NBS benzoic acid
391, The first E (calor) value, 3423.35 cal/g wlth a standard

.
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deviation of 0.13 cal/g, was used for TVOPA combustlon Experiments
No. 1 through 16. The second E (calor) value, 3427.37 cal/g with
a standard deviation of 0.15 cal/é, was used for Experiments No.
17 through 28.

5, Analytical Result (U)

(U) The progress of the varicus purification techniques for
TVOPA was followed by a chloride analysls on the bomb solutions
necoverad after the heat of combustion measurements. The chloride
content was found to vary from 2 to 26 mg of chloride/gram of sample

for TVOPA Batch A as reported earlier (3) and in Table XII of this
report.

(U) In the TVOPA purification experiments, parts of Batches
B and C were used for Experlments No. 13 through 21. The chloride
content varied from 19.8 to 1.4 mg of chloride/gram of sample.
This series of experiments was run to check on the chlorlde while
developing a good purification technique.

(U) The last series of combustion experiments was performed
on TVC: i allquots from a relatively large (=6 g) sample. This
sample was well mixed prior to burning in seven experiments (22
through 28). However, the chloride content found in the bomb
solutions varied from 1.5 €o 2.1 mg of cthfide/gram of sample
(average: 1.8+0.3 mg chloride/gram of sample). This average and
the corresponding spread of values give a good ldea of the précision
of' the other chloride figures.

(U) In addition to showing the chloride content, Table XII
shows the results obtalned for the nitrate and fluoride as well,.
The nltrate value was used for the Washburn corrections program.
The fluoride in solution 1s reported as both mg found per sample
and as percentage recovered, assuming the amount calculated from
the sample weights was 100%. The average of ~ > moles of fluoride
feund in solution and moles calculated from sample welghts was used
in the Washburn corrections program.
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(U) Table XIII gives the results of micro-analysis for carbon,
hydrogen and nitrogen on small portions of three combustion samples.
Theoretical valueg are compared with experimental values for these
elementg. Also listed is the per cent fluoride calculated from
the fluoride found in the bomb solutions. In addition, Table XIIXI
includes the elemental analysis provided by Rohm and Haas (J) for
Batch A (1.e. Rohm and Haas Batch ATG-6). They supplled no ele-
mental analysls for Batches B and C.

(U) Tracer experiments with radio-active benzene were used
by the Synthesis @Group to show that no benzene (<2 cal/g) was
inadvertently introduced as a ccutaminant during the purification
process. (For details see the Synthesis Section of this report.)

(U) No definite statemen® of percentage purity is possiblz

for these samples. The elemental analyses agree with stolichiometry
within experimental error.

6. Calorimetric Results (U)

(U) The results of the calorimetric work were processéd by
means of the computer program for C-H-O-N-F compounds described
earlier (3,5). Constant factors needed as input for this program
are given in Table XIV and other variables in Table XV. Table XV
18 limited to Exp. No. 21 and No. 22 through 28 because these
experiments used samples prepared by standardized purification
technique developed by the Synthesis Group.

(¢) From the individual AEc/M values in Table XV (with the
exception of Exp. No. 21) an average AEe/M = -3,364.4 cal/g with a
standard deviation of 13%.0% cal/g can be calculated. The heat of
solution of TVOPA in 2-octanone hasg been reported zarliler (3).

(See page 4%, Section G.) The two AHg o, Values gilven there average
as bH  p, = -4.61 cal/g. If one combines this with the above
average AEc/M, one obtains a value of -3,369.0 cal/g for neat TVOPA,
which relates to the reaction:

CoH140aNsF12(11q) + 802z(g) + 359H20(1iq) >
9C02(g) + 3Nz(g) + 12(HF'30HL0) (1iq)
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(This Page 1s Unclassified)
Table XIV

Factors in TVOPA Combustion Calculations

Empirical formula
Empirical formula
Empirical formula
Emplrical formulsa

of TVOPA (2)
of 2-octanone
of fllm

of fuse

Density of TVOPA (2)
Density of 2-octanone

Density of film
Density of fuse

Bomb volume

Initial oxygen pressure
Initlal water in bomb
Reference temperature
Final ratio, Ha0/HF

( E/ P)y of TVOPA (2)

( B/ P)
( 5/ P)p of film
( B/ P)T of fuse

of' 2-octanone

AE] of 2-octanone (Sample 1)
AE® of 2-octanone (Sample 2)

cC

AEg of film

AEg of fuse

Cp of TVODPA (2)
Cp of 2-octancne
Cp of film

Cn of fuse

E (calor)
(Exp. No.

E (calor)

(Exp. No.

1 through Exp. No. 16)

17 through Exp. No. 28)

(This Page'?s4 Unclassified)
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CoH1403NgF12
CaHlsO
C10Hs04

Cilli.727400.887

1.535
0.818

1.380

0.347 liter
40 atm

10.0 g

25°¢

30

-0.00380 cal/g/atm
~-0.00899 cal/g/atm
-0.00800 cal/g/atm
Negligible

~1204 .84 kecal/mol
~1201.08 kecal/mol
-1050.31 kecal/mol

-10%.35 kecal/mol

0.4 cal/g/°cC
0.5049 cal/g/°C
0.315 cal/g/°C
0.4 cal/g/°c

2423.35 cal/°C

3427.37 cal/°C
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The data are reduced to AHf8gg.1s 1n the following manner:

Mol. Wt. = 482.23068 g/mol 5

LTI T R e, SIS e . T

AEc = -1624.64:1.47 keal/mol

It

An = +L RT = 0.5925 keal/mol

AT R W T

AHC = ANRT + AEc = -1622.27 keal/mol

YN R e er e A e T

Then using auxiliary data from NBS Technical Note 270-1: i
AHf29s.15 = -208.1%2.9 kcal/mol
where the uncertainty 1s twice the standard deviation.

7. Conclusion (U)

(C) The AHf = -208.1%2.9 kcal/mol compares with the Rohm and
Haas (1) AHf = 207.3x3 keal/mol when the latter is recalculated ‘
with the same auxiliary data used in these calculations. The Rohm
and Haas AHf°® value is obtalned assuming no heat of solution for
TVOPA dissolved in the dlamyl ketone diluent. A more reasonable
estimate (from our measured AH 1, = -2.2 kcal/mol) for the TVOPA-
diamyl ketone AHSOlrl would be -2 kecal/mol. The Rohm and Haas value
of AHT® becomes -205.3x3 kcal/mol with this estimate. 1

(U) Figure 1 shows the dependence of the AHc (AEe/M) on
removal of impurlties apparently closely assoclated with the
: chloride containing manufacturling solvents. The low chloride |
experiments plotted on Flgure 1 Indicate that the AEe/M dependence
on chloride content 1s not linear for near zero chloride values.
¢ L 2 per cent (by weight) chloride-containing batch of TVOPA could
‘ have a AHc lower than our best value by over 100 cal/g.

(U) This 1s probably significant in ISp calculations on a
propellant contalning TVOPA. Some test (chloride analysis or
AHc determination) might be desirable on each batch of TVOPA unless .
it was known to be significantly below 2 per cent in chloride

content.
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AREA OF UNCERTAINTY IN EXP. No. 22 THRU No. 28
AVERAGE OF EXP.No. 22 THRU No. 28

3320

3300

'A—ME-E CAL/GRAM

32801

32601

| o AEZ/M (BoichA)

A AEQ/M=(SomeLow Chloride Samples from
3240 Purificafion Serias)

@ ALL FROM ONE HOMOGENEQUS SAMPLE
g EXP.21 {Sample Purified by Best Techniques)

3220
i Mg Chloride/Gram sample V-281
3200 fr ity rrrrrrrrrre o Ly L L1t
4 8 12 16 20 24 27

(U) Fig. 1 - Effect of Chloride on the Heat
of Combustlion of TVOPA
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D. HEAT OF FORMATION OF DIAMMONIUM HYDRAZINIUM TETRAPERCHLORATE

(DAHTP) (C)

1. Introduction (U)

\GDM!!W!WW%'W—WN»”% W OGN IR WL R NG T R I S o MR ST S

SRR, FANESS YOI

(¢) B sample of DAHTP was recelved from Thiokol Chemical
Corporation. Information sent by Delmar B. Davis of Thiokol in-
cluded the empirical formula NgHi12.ClseOi1g and a molecular weight
of 468. The material is a white crystalline solid, nonhygroscopic
and chemically stable. '

2. Analytical Results (U)

(c) Although not specifically stated by Thiokol, it seemed
obvious from information given that the compound was a mixture or
double salt of ammonium perchlorate and hydrazinium diperchlorate.
The materlial was therefore assayed for ammonla and hydrazine con-

tent, giving 99.6% in each case for a formula of 2NH4ClO4'NzHe(ClO4) 2.

(C) For a check on calorimetric measurements to be described,
a sample of Fisher Reagent Grade NHqCl0s was dried at 110°C for
several hours. Analysis for ammonia content gave 99.9% of theory.

3. Equipment (U)

(U) A conventional Dickinson type isothermal shield calorim-
eter usually used for bomb work was employed for thils heat of
golution study. The calorimeter vessel had an internal volume of
3500 cc¢ and had been platéa inglde and out with gold to reglst
corrosive fluids., Removal of the bomb then converts the calorim-
eter to a solution unlt. Temperatures were measured as a func-
tion of time with a callbrated thermigtor (2300 ohms at 25°¢) and
a drum chronograph. The corrected temperature changes were calcu-
lated by computer from the resistance-time data using standard
procedures. Callbration of the calorimeter was carried out elec-
trically using current-time integration techniques and an inte-
grating digital voltmeter. (4.1840 joules = 1 thermochemical
calorie). Power was taken from a Lambda constant voltage power
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supply. In this manner, the solution calorimeter could be calil-
brated after each experiment with a precision of a few hundredths
of a percent.

4. Procedure (U)

(c) Since the heats of formation and solution of NHgClO4
and NzHg4*®2HC104 have been published (6,7,8), it seemed that a
heat of solution measurement of DAHTP would be advantageous in
that 1ts heat of solution could be compared to the sum of the
heats of solutlon of the constltuents. The procedure uged was to
welgh 5-10 g portlons of the gollid Into glass ampoules. The
ampoules were then supported in the calorimeter vessel by means
of a Kel-F fitting and glass rod. The calorimeter was then filled
with 3,300 g of Hs0 and the temperature adjusted to 25.2°C. After
equilibration, the glass rod was forced downward, crushing the
thin walled ampoule on the bottom of the calorlmeter. A4 rapid
endotherm resulted with the solution products equilibrating at
25°C. After the final rating period had been recorded, a measured
amount of electrical energy corresponding closely to the heat of
solutlion was put back in the gystem. The calorimeter was callbrated
in this manner after each hecat of solutlon measurement.

(U) The AHsol of NHeClO, was also determined as a check
against literature values.

5. Results and Discussion (U)

- RS G i g e e

.
(U) Table XVI 1lists the measured and calculated values for

five heat of solution measurementis on DAHTP. All welghis are

corrected to mass under vacuum; however, a purity factor has not

been applied. The energy equivalent E (calor) has been discussed

before and all other entrles are of standard terminoclogy. The

last column llsts the dllution states for one mole of DAHTP.

Deviations are calculated as the arithmetlc mean. Table XVII lists

three experiments on the solution of AP in water. The results

are compared with literature data 1n PFigure 1 and are seen to be

in excellent agreement.
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Table XVI
(U) Heat of Solution of DAHTP in Water

Sample E (calor) E Ate AHsol AHsol Y20
Run Mass, g cal/°C cal cal/g  kcal/mol TOARTD
1 5.5382 -3,h25,2  4+254.1  +45.88 +21.47 15,508
2 10.1570  *(-3,422) +486.% 4+47.88 +22.40 8,455
3 9.8728 -3,422,0 +466.3  447.23 +22.10 8,688
4 10.7793 -3,421.0  +4511.2  +47.43 422,19 7,957
5  11.0005  -3,417.0 +531.1 +48.28  +22.59 7,797
Average +U47.35 +22.15
Std. dev. 0.6 0.3
*Taken from Run No. 3
Table XVIT
{U) Heat of Solution of NHeClO4
Sample E (calor) E A%, AHsOL AHsO1 "Ha0
Run Mass, g cal/°¢ cal cal/g  kcal/mole  TDAHTP
1 17.9221  -3,424.0  +1,231.5 +68.71 +8,073 1,200
2 15.6211 ~3%,427.8 +1,075.4 +68.84 +8,088 1,380
3 24,2052  -3,422.0  +1,655.1 +68.38 +8,034 890

(0) If one calculates the heat of solution of DAHTP on the
basis of +6,29 * 0.5 keal/mol for NzHe' 2HC104 (8) and +8.06 + 0.02
keal/mol for NH4ClOs (this work), we find Alisol DAHTP = +22.4 x 0.6
kcal/mol as compared to the measured value in Table XVI of +22.2 &
0.% kecal/mol. This suggests "zZero bond energy" between the AP and
HDP molecules in DAHTP or that the DAHTP 1s a 2:1 mixture of AP
and HDP. X-Ray diffraction patterns on DAHTP showed only lines of
AP and HDP, confirming thls observation. No new lineé were ob-
served.
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4 (¢) The heat of formation of DAHTP is therefore merely the

' sum of 2AHf (NH4Cl04) and AHF[N2He(Cl04)z]. The value for
AHF(NH4(C104) is taken from Reference 8 as -70.58 kecal/mol. For
HDP, two values are available, -69.2 kecal/mol from Reference 6

and -70.1 kecal/mol from Reference 7. The desired sum 1is calcu-
lated as -210.4 and-211.3 kcal/mol, respectively. The value -210.4
kcal/mol is recommended.

e S S 12w

(U) Further work on this compound by combustion calorimetry
is planned.

E. HEAT OF FORMATION OF CARBON TETRAFLUORIDE (U) !

1. Introduction (U)

(U) The heat of formation of carbon tetrafluoride is a "key"
datum 1n calorimetry. Carbon tetrachlorlde appears as a product
in fluorine cr NFs combustion calorimetry of compounds contalning
carbon. It also appears as a product In oxygen combustlion calor-

imetry of compounds containing carbon and a large percentage of
fluorine. In order to reduce calorimetric results to accurate
heats of formatlon, the heat of formation ol CFy must be well
defined.

(U) The first attempt at measuring the heat of formation of
CFy was that of von Wartenberg and Schuette (11) in 1933 by direct ;
combination of the elements. Thelr result 1ls now recognized as
much too low. Twenty years later, von Wartenberg (12) published
a much higher value based on the reaction of CFy and alkall metal
to form carbon and alkali fluoride. Kirkbride and Davidson (13)
used a similar technlgue, and some years later Vorobev and
Skuratov (14%) repeated the work. The results were in agreement to
within a few kilocalories but depended on the heat of formation
of fluoride lon. BSeveral other investigations were made which
used indirect means, including the heat of hydrogenation and de-
composition of CzFs (15,16), the heat of combustion of methane in
fluorine (17), and the heat of combustion of perfluorocarbons in
oxygen (18,19,20,21). None of these was completely independent of
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the heats of formation of gaseous and/or agueous hydrogen fluoride,
quantities not yet well defined.
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|

5

(U) Three recent investigations give well defined results.
Domalskl and Armstrong (22) meas: ed the heat of combustion in
fluorine of graphite mixed with Teflon. After correcting for
the Teflon, they derived AHf2gg(CF4,g) = -222.87 kecal/mol.
Greenberg and Hubbard (23) measured the heat of combustion in
fluorine of pure graphite. After correcting for a small amount
of CpFe formed, they derived AHF2os(CFsi,g) = -223.05 kcal/mol.
Concurrently with these direct measurements, we determined the
heat of reaction of cyanogen and nitrogen trifluoride with the
results described below. In the course of several years of work
on the calorimetry of rocket fuels and oxidizers, we have found
NFsz to be a useful fluorinating agent. Recent work in this lab-
oratory has defined the heat of formation of NFsz as --31.6 + 0.2
kcal/mole (24,25). The heat of formatlon of cyanogen was care-
fully measured by Knowlton and Prosen (26) at the National Bureau
of Standards. When prelliminary work showed that a mixture of
NFz and cyanogen exploded when sparked, a full scale measurement

R R TR e

was undertaken.

2. Materials (U)

(U) Both cyanogen and nitrogen trifluoride were purchased
from Alr Products and Chemicals, Inc. The cyanogen was found %o
contain about 1% COp as an impurity. This was removed by low
temperature distillation through a 3/8" I.D. copper column packed
wlth magnesium beads. The distillation was carried out using a
thermocouple detector and recorder usually used for chromatog-
raphy. Approximately 0.5 g center cuts were trapped out from
the hellum carrler gas stream. Mass and infrared analysis of
the purified material indicated no detectable impurities.

{(U) Research grade NFs was analyzed by mass and infrared ‘
spectroscopy, both of which indicated 0.15% CFy as the only
impurity. Since the CF. could not be further oxldized, 1t was (

e -

not necessary to remove 1t from the NFs.
-33- !
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%, Nature of the Reaction (U)

(U) Cyanogen and nitrogen trifluorilide were found to react
in the gas phase when the mixture was sparked according to the
squation shown:

1/2 CzN2(g) + 4/3 NFa(g) ——> CFi(g) + 7/6 Na(g)

TIgnition was accomplished by discharging a standardized capacitor
across a 0.5 cm lenyt of nlckel fuse wire. There was an audlble
"elick" when the reaction tock place. The reaction was

run with a 3 mole percent excess of nitrogen trifluoride, gll of
vhich was dilssociated to fluorine and niltrogen during the ex-
wlosion. Q@Gas samples taken at the conclusion of each experiment
ware placed in contact with mercury to remove fluorine, and ana-
lyzed by mass and infrared spectroscopy. Tetrafluoromethane and
nitrogen were the only gaseous products found.

4, Egquilpment (U)

(U) & Dickinson-type 25°C isothermal shield calorimeter wag
used for this project. The combustion bomb was constructed of
"A" nickel and had a volume of 0.352 1. For vacuum work, O-ring
secal needle valves were employed. The energy equlvalent of the
gsystem was measured by combustion of benzolc acld (National
Bureau of Standards sample 391) in oxygen under the preseribed
corndltions. Eight determinations gave a value of E(calor) =
-3200.7 cal/deg with a standard deviation of the mean equal to
£ 1.7 cal/deg (1 cal = 4.1840 absolute Joules). The following
expression was cmployed to calculate reaction heats from tempera-
ture measurements (27):

- - - i -
Qv = B(calor) (ti-tp + at, ) + E- (contents) (ty-t,)

+ BT (contents) (t-tg + At )

Tenperature measurements were made in terms of the resistance
change of & calibrated thermlstor - Wheatstone bridge. The cor-
rected temperature changes were calculated by computer using
gstandard procedures.

3
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5. Procedure (U)

o

(U) After the benzoic acid calibration «xperiments the
nickel bomb was passivated by carrying out several preliminary
CaN2-NFs reactions. Between reactions, the bomb was kept under
vacuum and opened only in a nitrogen dry box. After four ex-
plosion reactions, the internal surfaces of the bomb were notice-
ably glazed with NiFs.

[ (U) A determination involved first fitting a weighed nickel
i fuse between the electrodes of the bomb while 1in the drybox.

f The bomb was then evacuated for several hours to less than one
micron pressure. (yanogen, contained in a 10-ml stalnless steel
cylinder, was metered into the bomb to a pre:sure of about 350
mm. The bomb was closed and the cyanogen in the manifold con-
tained in the bomb wag determined by welghing the cylinder before
and after the loading. Nitrogen trifluoride was admitted to the
bomb to a total pressure of 1335 mm using the same procedure.

. (U) After the heat measurement, the bomb was agaln attached
to the vacuum line for gas sampling and evacuation. The bomb
was then opelied in the dry box and unburnsu pieces of nickel
fuse wire recovered. These were cleaned and weighed to determine

the net amount burned to NiF>. Data for thils correction were
available (28).

6. Results (U)

(U) Table XVIII lists the results of ten determinations. Qv
is the calorimetrically determined heat derived from the temperature
change. Column four is the NPz dlssocilotion correction based
upon the amount of excess NFs over stolchlometry. Columns filve
and slx are corrections for nickel fuse wire consumed as NiFp

N R

and the electrical energy necessary for fuslon, respectively.
These have been discussed earlier. Column seven llsts the stan-
dard state internal energy change per gram of cyanogen.

¢
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(U) The average AER/M from Table XVIII and a molecular
welght of 52.0357 for cyanogen yields for the reactlon at 298.15°K: -

1/2 C2Nz(g) + 4/3 NFa(g) —> CFa(g) + 7/6 Na(g)

AES = -218.33 = 0.20 keal
An(gas) = + 1/3 mole
ANRT = + 0.20 keal
AH; = -218.13 £ 0.20 kecal

u-;mmm{eh!’?%‘ee.«é- il |

5 | Taking AHfSeg.15(CaNa,g) = +73.85 = 0.4 keal/mol
and AHfSos -15(NFa,g) = -31.6 = 0.15 keal/mol
-223.23 + 0.6 kcal/mol.

it

we calculate AHf3os.15(CF4,8)

pRant o LI Lod

; : This result is in excellent agreement with the previously quoted
values from fluorine combustion of graphite. A welghted average
of -223.0 kcal/mole is recommended for future use.

F. HEAT OF FORMATION OF TR IFLUOROMETHOXYDIFLUOROAMINE (U)

1. Introduction (U)

(U) Trifluoromethoxydiflucroamine (CFa0ONFz) was first pre-
pared and characterized by G. H. Cady and L. C. Duncan several
years ago. It was first described 1n the open literature by
Hale and Williamson (29). In order to define the contribution
of the -ONF> group to the heat of formation of a molecule, the

R TG ST

heat of formation of this compound was measured.

2. Materials (U)

(U) The sample was prepared at the Dow Scientific Projects
Laboratory. The methods of gynthesls and purification have been
previously described in the first quarterly report of this year.
A batch of five grams was provided.

5
#
§
i3
%
£
[4

(¢) Molecular welght measurements were carried out by mea-

suring the gas density at 20°0, Thege measurements, when cor-

rected for gaseous non-ldeallty using estimated critlcal constants

and the Berthelot equation of state, ylelded 137.0 % 0.1 g/mol -
-36-
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for the molecular weight. Theory is 137.01 g/mol. The analyt-
ical results described later alsoc indicate the sample was of
hlgh purlity.

(U) Ultra-high purity hydrogen from Air Products and Chemi-
cals, Inc., was used wlthout further treatment. Mass and infra-
red spectral analysis detected no impurities.

3, Equipment (U)

(U) An Argonne National Laboratory type of rotating bomb
calorimeter was used for this project. The platinum-lined com-
bustion bomb had been fitted with an external tank so that water
could be forced into the bomb after the explosion reaction. Thils
apparatus has been described in an earlier report (30). O-Ring
sealed valves were employed for vacuum work.

(U) The energy equivalent of the system was measured by com-
bustion of benzoic acid (NBS sample 391) in oxygen under the pre-
scribed conditions. Eleven determinations gave a value of E (calor)
= 3352.1 cal/deg with a standard deviation of the mean equal to
2.4 cal/deg (1 cal = 4.1840 absolute joules). This value was ad-
Justed to 3402.0 cal/deg for the conditions of the CFaONFs experi-
ments. Temperature measurements were made in terms of the resistance
change of a calibrated thermlstor - Wheatstone bridge. The cor-
rected temperature changes were calculated by standard procedures.

4. Nature of the Reaction (U)

(U) Exploratory experiments carried out in a platinum~lined
reactlon bomb indicated that CFaONFz underwent reduction to CO,
HF and Nz when sparked with a 10-20% excess of Ha. Fifty ml of
Hz20 was then forced intc the bomb and the bomb rotated to pro-
duce a homogeneous solutlon of aqueous HF. The reaction is shown
below:

CFaONFa2(g) + 5/2 Ha(g) —> CO(g) + 1/2 Na2(g) + 5 HF (1:150 Hz0)

-38-
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(U) Mass and infrared spectral analysis of the gaseous prod-
ucts showed only CO and Nz. The calorimetric experiments were
followed by an analysls for CO by sweeplng the bomb gases through
a furnace and ccllecting and weighing the COz formed. A sglde
reaction was Ilndicated by the fact that CO analyses were low by
1 to 2%. Slight carbon deposits were obgerved around the elec~-
trodes, indicating the side reaction to be:

co(g) + Hz2(g) — C(s) + H20(1)

Corrections for this reaction could be applied, based upon the
COz recovery in each experiment.

(U) Reactions at 1-2% excess Hz were carried out for analyt-
1cal purposes to stablish the purity of the CFsONFsz. These reac=
tions yielded CO, Nz and HF as in the former case; however, a
few tenths of a percent of HNFz was observed by mass spectral analy-
sis. No spots of carbon were observed ln these determinations
and carbon recoverles were complete within the limits of error.

The HF golution was titrated with base to determine the total
equivalents of acld; however, this determination was consistently
short both in the purilty experiments and in the calorimetrlc runs.
Table XIX gives “he analytical data.

Table XIX

(U) Analytical Data for Trifluoromethoxydifluoroamine

Experiment Experiment
No. 1 No. 2
Sample mass, g 0.5246 0.2031
€0z recovered, mg 169.24 65 .22
Theory, % 100.4 100.0
HF recovered, meq 18.6
Theory, % 97.2

5. Procedure (U)

(U) The bomb was first dried and evacuated to one micron
pressure on a vacuum manifold. A one-half gram portion of CFgONFgz

-359-
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was then metered into the bomb to 200 mm pressure from a welghed
steel U-tube fitted wlth miniature Hoke valves. The bomb was
closed off after the charging and the amount of sample in the
system condensed to a total pressure of 800 mm with hydrogen. To
complete the loading operétion, the external annular tank on the
bomb was loaded with 50 ml of water and charged to 60 psig with
argon.

(U) The loaded bomb was placed in the calorimeter and,after
the initial drift rate was established, the gaseous mixture was
1gnite l. A few seconds later, the tank valve wag tripped and
water was forced into the bomb. After a few more seconds, homb
rotatlon was started to engure a homogeneous final aqueous solu-
tlon. PFinal drift rate measurements completed the energy deter-
mination.

(U) The bomb was removed from the calorimeter and the gases
discharged through an analytical train to determine carbon ag COz.
The bomb was then opened and carefully washed out with distilled
water. The solutlon was analyzed for HF by titration wilith stand-
ard base.

6. Results (U)

(U) Table XX lists the results of eight experiments. Qv
i1s the calorimetrically determined heat change in calorieg. The
carbon correction arises from a small amount of CO(g) being re-
duced to carbon during the explosion. This reaction is exother-
mic and amounts to 40.718 kcal/g atom of carbon. Column five 1s
a correction based upon the energy released when a standardized
capacitor 1s digcharged during ignition. AE@/M is the internal
energy change in calories per gram of CHgONFs.

(U) The average AEp/M from Table XX and the molecular weight
of 137.009 for CFsONFz yield ror the reaction at 298.15°K:

CFaONF2(g) + 5/2 Hz(g) — CO(g) + 1/2 Nz(g) + 5 HF (1:150 Hz0) :
AED = -217.85 + 0.80 keal/mol
40~
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An{gas) = -2 moles
ANRT = -1.18 kecal/mol
AHp = ~219.03 = 0.80 kecal/mol
From Ref'erence 31: ‘

AHf2o0s (HF+150 Hz0) = =~76.35 kecal/mol.
MHf2se (C0,g) = -26.42 keal/mol
From these values we calculate:
AHFSos (CFaONFs, g) = =189.1 & 0.8 keal/r .

The uncertainty is equal to twice the over-all standard deviation
of the experiments.

7. Bond Energy Comparisons (U)

(U) It 1s of interest to compare our experimental result
with predlctionsg from bond energy terms. We sghall uge the bond
energy terms and heats of atomization adopted in a recent publi-
cation from this laboratory (32) and listed in Table XXI.

Table XXT

(U) Terms for Calculation of Heats of Formation

I

E (C-F) = 117.5 keal/mol
B (N=I') = 67.1 keal/mol
I (C~K) 65.2 keal/mol

i

ARE (C,e) = 17L.5 keal/mol
AHE  (N,g) = 11%.0 keal/mol
AHE  (F,g) =~ 18.9 keal/mol

Regonances ciergy of Gy group
1s 1.4 keal per bond lesy than
that of CH,.

Regonance energy of Gk, group
is 6.0 keal psr bond leays than
that of Clg.

oo
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In addition, the heat of atomizatiocn of oxygen 1ls taken from Ref-
erence 31 as 69.55 kecal/mol and bond energies E (C-0) = 85.5

and E (N-0) = 53.0 kcal/mol are from Reference 33. There 1is

then calculated:

-AHf = © (bond energles) - £ (heats of atomization) + K
where K 1s any correction term for resonance, steric ef-
fects, or other terms.

-AHE = 625.2 - 438.4 - 4,2
AHF2os(g) = -182.6 keal/mol

(U) This is slightly less negative than experimentally mea-
sured,which implies that CFsONFz 1s a relatively stable molecule.
This is in agreement wilth the observation of Hale and Willlamson
(29) that CFsONFz i1s stable at 140°C. At higher temperatures,
cleavage to CFg and FNO occurred. Our result is not in accord
with a bond energy E (N-0) = 35 kcal, which might be inferred
from work of Paulett and Lustig (34) on mass spectrometer
appearance potentlals from FSOo0NF»o.

G. HEAT OF FORMATION OF FLOROX (ClFs0) (C)

1. Introduction (U)

(¢) A sample of oxychlorine trifluoride (C1Fs0, code name
Florox) was obtained from Rocketdyne Division of North American
Aviation, Inc. through the courtesy of Dr. D. Pillipovich. The
heat of formatlion of liquid Florox was determined at Rocketdyne
as -39.3%3 kcal/mol f aqueous HF based on Cox and Harrop (35)] or
-36.5¢3 kcal/mol [aqueous HF based on Reference (31)] by reaction
with hydrogen and water. The present work involves reaction of
Florox with aqueous arsenious oxlde with the alm of confirming the
heat of formatlion by a different method.

2. Material (U)

(C) The Rocketdyne sample was accompanied by the following
assay:

—43-
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C1F30 - 98.7 % min.
ClFs 0.92% max.
FC102/C10; 0.01%
HF 0.25%

The flrst three chemical components were ascertalned by GLC while
the HF concentratlion was established by near-infrared spectrophoto-
metric analysis.

(¢) A Dow assay was carried out as follows. A welghed
amount of Florox was charged to a platinum-lined combustion bomb
in the same fashlon as the calorimetric experiments described in
following sections of this report. The bomb was connected to a
cylinder of ammonia (Matheson Co. 99.99%). Ammonia was charged
into the bomb to a pressure of 5 atm. Reaction occurred
spontaneously. Excess ammonia was vented, the bomb was opened,
and the white NH4Cl and NH4F washed out wlth hot distllled water.
The solutlion was analyzed for chloride and fluoride. The method
1s not sensitive for distingulshing ClFz0 and ClFsz, but the chloride
content found, 3%2.61%, indicated a maximum of 99.7% [ ClFs0 + ClFs].
The fluoride content found, 55.0%, 1s consistent wlthin experimental
error with 0.3% HF impurity (calculated 52.8% F). The sample
composltion was therefore taken as 98.8% ClFs0, 0.9% ClFs, and
0.3% HP.

(¢) From the known banb volume, the pressure, the amblent
temperature and sample mass, the molecular weight of the sample
was calculated as 111.82. With a very reasonable estlmate of 0.97
for the compressibility factor of the unasscoclated gas, the
molecular welght at zero pressurec is 108.%, 1in excellent agreement
with theory for ClIFa0.

3. Equipment (U)

(U) The platinum-lined combustion bomb fitted with an
ananular tank has been previously described (50). A metal vacuum
system was employed f'or loading the bomb with gaseous Florox. A
rotating-bomb calorimeter and automatic resistance bridge were

used to determine the heats of rcaction.
by
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4, Procedure (U)

Hwihiss o AR ive

(U) The bomb was connected to the vacuum system and evacuated.
Florox was admitted to the system and bomb to about 100 mm pressure
and allowed to condition the system for about 30 minutes. This
Florox was pumped off and discarded. An appropriate amount of
Florox was then transferred from the supply cylinder to a small
Monel double valved trap which was disconnected from the system
and welghed. After reconnecting, sample was transferred from
this trap to the bomb to a pressure of 475 mm. The bomb was
closed off and Florox remaining in the system recondensed in the
trap which was then removed and reweighed. Blank experiments
showed a small logss of 1.5 mg 1n this operation and this blénk
was subtracted from all sample weights.

(U) The bomb was disconnected and 50 ml of 0.0839 M Asz0a
charged to the tank. The tank was then pressured to 60 psig with
argon and closed off. The loaded bomb and tank assembly was placed
in the calorimeter and, after the foredrift was established, a

-valve was opened allowlhg the agueous Asz0z to be forced into the

bomb. Rc ation of the bomb was begun when 0.6 of the temperature
rise had occurred. The final drift rate readings completed the
calorimetric part of the experiment.

(U) The bomb was vented, opened, and the contents washed
out wlth distilled water. The solutlons were analyzed for Asz0s3,
F , Cl7, and ClOz . Fluorlde recoveries were about 9S:1% of
theory, while the sum of €1~ and Cl0s averaged about 100+1% of
theory. These recoverles were taken as satlisfactory in view of
the complexlty o' the solutlions. For calculation purposes, the
0105~ was tnaken as the difference between theoretical Cl1~ and the
found C1°, since the chloride analysis was considerably more
rillable than €1l0s in blank experiments.

5. Results (U)

(C) The process described in the preceding section refers
to the reactlon:

~45-
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ClF30 1 0.44406 AszoST x HC10y '1
0.01069 ClFs + _299.78 H0 | - (1.01069-x) HC1
.01646 HF | 3.04852 HF

y As20s

(0.44406-y) Asz0a

297 .75 Hz0
Several heats of mixing were run which established that no
significant net thermal effect was assoclated with mixing the
components of the final solution. The heats of formation of HCI
and HF in this solution were therefore taken to be the same as
those in pure water at a ratio of 1 mole to 75 moles of water.
Two corrections were applied to the experlments: A correction
for oxldation of agueous Asg0z $0 agueous Asz0s was calculated
from data of Sunner and Thoren (36) as:

As20s(aq) + 0z2(g) - As20s(aq)

AEp = ~76,577 cal/mol

A correction for conversion of HClOs(agq) to HCl(aq) from Reference
(31) as

HC10a(aq) = HCL (1 in 75 Ha20) + 3/2 02(g)

bEp = -16,798 cal/mol

(C) Benzoic acid calibration experiments established
E(Calor) as 334€.55 cal/°C. To this was added the heat capacity
of the bomb contents: U49.64 cal/°C for 50 ml of 0.0839 M Asz0g
and 0.1% cal/°C for 1.0 gram of ClFs0 gas. Results of the
calorimetric experiments are given 1n Table XXIT. The "Total
Calories" column is the product of the corrected temperabture rise

and [E(Calor) + Cp(contents)]. The average -AER/M refers to the
reaction:

ClFs0

0.01069 C1Fs + 2.0152 Hz0(1) »> 1.01069 HC1 (1 in 75 Hz0) +
0.01646 Hr |

3.04852 HF (1 in 75 H20) + 1.50761 Oz(g)
46
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AER

1§

~-100.70 kcal

-100.42 keal

0

Al
Auxiliary heat of formation data are taken from Reference (31):

AHf kcal/mol

HC1 (1 in 75 H20) -39.609
HF (1 in 75 Hz0) -76.333
Hz0 (1iq) -68.315
Clrs (g) -38.0
HF (g) -64.8

There 1s then derived:

[ClFs0 l
AHf [0.01069 ClFs = -34.65 keal/mol
0.01646 HF

and after correction for ClPFs and HF:
AHf 298 (ClF50, g) = -33.17 keal/mol

The heat of vaporlzation at 25°C is calculated from the vapor
pressure equation given by Rocketdyne and an estimated compressibility
factor of 0.97 as 6.98 kecal/mol. This value yields:

AHfzgg (ClFs0, 1ig) = -40.15£0.50 keal/mol

The uncertainty estimate includes 0.25 keal/mol for statistical
variation and 0.25 kcal/mol for uncertainty in sample composition.
The result 1s in reasonable agreement with the Rocketdyne value,
-36.5+3 keal/mol (aqueous HF based on Reference 31).

(C) It may be noted that the heat of formation of ClFs0O is
less negative than that of (lFs;; a mixture of ClFz and Oz is,
theref'ore, less energetic than the compound ClFz0.

=47 -
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Table XXII

{U) Keat of Reaction of Florox and Agueous ASp0s

Sample Asz0g HC1035 -AER/M

Expt. Mass, Total Corr'n, Corr'n, _cal
No. grams Calorles Calories Calories gram
! 1.0100 -1158.3 246.6 -16.% 919.2

5 1.0091 -1171.0 256.2 -12.7 919.1

6 1.0076 -116%.7 252.8 -16.3 920.3
7 1.0071 -1159.5 248.9 -15.2 919.3
8 1.0072 -1158.8 252.8 -14.1 913.5
Average 918.3
Std. dev. 1.2

H. THE HEAT OF FORMATION OF TETRAFLUOROHYDRAZINE (U)

1. Introduction (U)

-(U) Tetrafluorchydrazine is a comparatively new compound
first described in 1958 by Kennedy and Colburn (37). Later papers
have appeared describing the mass and NMR spectra (38,39) .

(U) Early calorimetry on NoFs 1is limited to a series of
measurements by Armstrong, Marantz, and Coyle (40) on the heat of
reaction of ammonia and 95% pure NgFs. Their result 1s dependent
on the heat of formation of NHeF which is in turn dependent on
the heat of formation of aqueous HF. Published values for the
heat of formation of agueocus HF vary by several tenths of a keal/
mol.

(U) It seemed desirable to carry out a calorimetric study
that would not involve agueous HF. Recent work in this laboratory
on the reaction between NFs(g) and Ca2N2(g) suggested that the
same technigues could be applied to a reaction between NzF4(g)

and C2Nz2(g). The reaction is explosive and is initiated by a spark:

N2Fe(g) + 1/2 CaNz(g) + CFe(g) + 3/2 Na2(g)

(This Page i‘sll %_nclassified)
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The heats of formation of cyanogen (41) and CF, (23,35,42) are

) now well established as +73.84+£0.40 and -223.00.2 kcal/mol,
respectlively. An accurate value derived from the above reaction
would also better define the heat of formation of NFz radical,
produced by thermal dissociation of NgF4.

R | T L LR [
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2. Equipment (U)

(U) A Dickinson-type 25°C isothermal shield calorimeter
was used for this project. The combustion bomb (laboratory
designation NIB-2) was constructed of "A" nickel and had a volume
of 0.352 1. 0-Ring seal valves were employed for vacuum work.
The energy equlvalent of the system was measured by electrical
heat inputs over the same temperature range in which the NzF4-
C2N2 reactions took place. Three calibrations of the system gave
a value of ElCalor) = -3202.1 %%é (£0.01%) . Comparisons of benzoic
acid combustion calibrations vs.electrical calibrations using a
similar nickel bomb (NIB-1) indicated the values to be the same
within experimental error of +0.01%. (1 cal = 4.1840 abs. joules).

(U) Temperature measurements were made in terms of the
resistance change of a callbrated thermistor-Wheatstone brigdge.
The corrected temperature changes were calculated by computer
program using standard procedures.

%. Materials (U)

(U) The cyanogen and tetrafluorohydrazine were purchased
Tfrom Alr Products and Chemicals, Inc. Purlfication and analysis
of the CpNz as previously described (4%) confirmed it to be at
least 99.9% pure. "Research grade" NzFs specified at 99.8% was
purified further by low temperature distillation. A small amount
of a lower bolling substance was cubt out in this fashion. A
reddish-blue color in the "as received" 1liquld NpFs suggested the
presence of a niltrogen oxide complex (44). The collected mate-
rial after distillation was white in the solid and colorless in
the liquid.

-Lg-
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tetwoon 300 nd 1000 em” ' and also the strong broad band at 735
em™ ! as descrided by Colburn and Kennedy (37) and by Durlg (45).

A mass spectral analysis was carried out on a consolidated
Electrodynamics Mass Spectrograph with the Tollowing fragmentation

pattern.

Teble XXIII

(U)  Mass Freguentation Pattern of Tetrafluorohydrazine(g)

Eéﬁ _Jfon Intensity, %
14 Nt 16.95

19 Fr 9.36

28 Nt 7.98

33 NF' 103.46

k7 N2Fe* 7.48

52 NF2Z" 100.00

66 NoFo2t 6.03

85 NaFa™ 6.80
104 - NoFa 1.48

The instrument reference was the n-butane 58 peak.

(U) 1In addition, molecular weight measurements were carried
out by measuring the gas density. Two measurements, when
corrected for gaseous non-lildeality using estlmated critical
constants (Pc - 41.87 atm, Te = 304.6°K) and the Berthelot
equation of state, yielded 103.76+0.1 g/mol. Theory 1s 104.0 g/mol.

4. Nature of the Reaction (U)

(U) NzFa(g) and Cazlz(g) were found to react in the gas
phase when the mixture was usparked to form nitrogen and CFy4.
Ignition was accomplished by discharging a standardized capacitator
across a 0.5 cm length of nickel fuse wire. An audible "eclick"
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run with an approximately 2 mole % cxcess of NpFy, 211 of which
was dissoclated to Np and Fs; during the explosion. Gas samples
were taken at the conclusion of each run, placed in contact with

mercury to remove Fz, and analyzZed by mass and Iinfrared spectroscopy-

CFy and Ny were the only gaseous products found.

5. Procedure (U)

[J WEETRRE—T

(U) The nickel bomb was passivated by carrying out several
preliminary CsN--NoFs reactiong. Between reactions the bomb was
kept under vacuum and opened only in a nitrogen dry box. After
four explosion reactions the internal surfaces of the bomb were
noticeably glazed with NiFs.

(U) A determination involved first fitting a weighed nickel
fuse between the electrodes of the bomb whille in the dry box. The
bomb was then evacuated for several hours to less than one micron
pressure. (Cyanogen, contained in a 10 ml stainless steel cylinder,
was metered into the bomb to a pressure of about 250 mm. The
bomb was closed and the CaNz in the manifold condensed back into
the small cylinder. The mass of CgNz contained in the bomb was
determined by weighing the cylinder before and after the loading.
N2Fe was admitted to the bomb to a total pressure of 760 mm using
the same procedure.

(U) After the heat measurement, the bomb was agaln attached
to the vacuum line for gas sampling and evacuatlion. The bomb was
then opened in the dry box and unburned pieces of nickel fuse
wire recovered. These were cleaned and welghed to determine the
net amount burned to NiFz. Data for this correction were avallable

(28).
6. Results (U)

(U) Table XXIV lists the results of five determinations.
A6 1g the calorimetrically determined temperature change and Gv
is the product of E(Calor) and A6. Column four is the correction
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of 5.915 kqal/mol as determined in this wcrk. Columns five and
six are corrections for nickel fuse wlre consumed as NiFz, and
the electrical energy necessary for fusion, respectively. Column
seven lists the weighed mass of (zNz and the final column 1is the
change in internal energy in calories per gram of CzNz. The
uncertainty interval of 8.2 cal/g represents twice the standard
deviation arising from statistical variation in calibration and
the NpFs-CpoNz heat measurements.

(U) The standard state enthalpy of reaction per mole of
NoFs4 is calculated as follows:

AEraggoeg = -255.78+0.21 kcal/mol
ANRT = 0.59 kcal/mol
AHrzegog = -255.19%0.21 keal/mol

(U) Taking AHfzsgox(CFsa,g) = -223%.0:0.2 kecal/mol and
AHfgggoK(CgNa,g) = +7%.85:0.4% kcal/mol we calculate AHf 280K
(N2Fa,g) = -%.73£0.6 kecal/mol. It should be noted that this is
the AHf(NoFs, Real Gas) since at room temperature there 1s present
approximately 0.057% of N2F,s in the NFz form. The AHr of
(NzF4, Real Gas) with CpNz would be expected to be more negative
than the 1deal gas. Thils correction amounts to 0.16 kecal/mol
making AHfzos (NzF4, Ideal Gas) = -4.89x0.6 kcal/mol.

(U) Because of the uncertainty in the heat of formation of
agueous HF, this result 1is not directly comparable with the previous
work of Armstrong, Marantz, and Coyle (40). The fact that the
present result is more negative than the previous work is in
accord with the recent thermochemical data indicating the heat of
formation of aqueous HF is more negatlve than the values adopted
in recent NBS compilations.
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(U) Combination of the present result with the enthalpy of
dissociation to NFz radicals adopted in the JANAF Thermochemlcal
Tables, 22.2642.0 kcal/mol, leads to a revised enthalpy of formation
of NFz radical:

AHf 208 (NF2,5) = +8.7+2.0 kecal/mol

I. SYNTHESIS (U)

(U) During the past year CFsONFz, TVOPA, and CFgNFp have
been supplied to the Thermal Research Laboratory. CFsONFs was
prepared by the photochemical reaction of CFsOF and NaFs (46),
l.e.,

hv
——CBr—e—x—> CFS ONFg

filter

CHEs0OF 4+ NzKs

(U) Thls project was concluded with the preparation and
purliiication of 6 g of material, which was supplied to the Thermal
Research Laboratory for completion of thelr study.

(U) The removal of solvent from TVOPA was achieved by
several methods. A lot was obtalned in which the solvent was a
mixture of 65% chloroform and 35% Freon 113. Simple high vacuum
techniques, whlch were adequate for removal of methylene chlorilde
from the previous lot, were not efflective. Thnuerefore, a new
procedure had to be developed. After small amounts of impurities
were removed by elution of pure TVOPA with a 50% benzene - 50%
methylene chloride mixture from an acid washed silica gel column,
the solvent was removed by high vacuum (<5 W) on a Rotovac
apparatus. This procedure gav: TVOPA wilth low residual chloride.

(U) Since our supply of acid-washed material was exhausted,
a solution of 30 g of production grade material was passed through
a bed of sulfonic acld resin (Dowex 50, acid form). Thils was the
same procedure used by Rohm and Haas in their preparation of
acld-washed material.
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(U) Using this acid-washed supply, five batches of TVOFA
totaling 5.9 g were purified, and the homogeneous mixture was
H : ) supplied to the Thermal Research Laboratory for calorimetric studies.
Chloride analysis of six samples of this material indicated an

average of 1.8 mg of chloride per gram oF sample.

- (U) Since benzene was used in one step of the purification

' process, it was desirable to determine the guantity of benzene
remaining in the final material. To accomplish this, a sample

of TVOFA was treated with C'* tagged benzene, which was subsequently
removed by the procesdure described above. Any non-volatile

impurity which might have been present 1n the benzene was re-

tained in the TVOPA. Another sample of TVOPA was then treated
similarly with the benzene removed from the previous sample. Both
samples contained only negligible benzene from the stanupoint of

making corrections in the thermal data.

(Uu) Upon completion of this project, the preparation of pure
CFsNF2 was undertaken. Although production of CFsNFz by a photo-
chemical process, 1l.e.,

CFsI + NaFy — Y & CFsNF2 + side products

Corex
fllter

e I T P SO TR ST (O AR R TP S ST F 3o
. .

was originally believed to be an adequate means of producing this
material, a better method was found (47). The photochemical method
gave many side products, including SiF4 and nitrogen oxides, which
required codistillation and vapor phase chromatography to remove.
The better metnod lnvolved low temperature direct fluorination of
KSCN, i.e. (47),

KSCN + 6 Fp —L0-C > CFalNFs + SFe + KF

(U) The initial attempt of this reaction gave a quantitative
yield of gaseous products consisting of CFsNFz and SFg, which could
be separated completely by two codistillations. However, subseguent
attempts falled to yield CFsNFz. Since the solld materials used
in the reaction were found to be fused after each reaction fallure,
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the problem was assumed to be lack of dissipation of heat produced
by a very rapid reazction. Therefore, several methods for slowing
the reactlon and removing heat were employed. The only operation
which could he credited with solving the problem was placing
granular KSCN in a cylinder and adding KF on top of 1t,

precautions not to mix the two slnce mixing gave poor results.

taking

(U)

The preparation and purification of CFaNFz 1s now

progressing smoothly.

Although the amount of pure material

originally needed has been prepared, there 1s now a need for an

additional 3 g.

The preparation of this 1s in progress.

J. EXPERIMENTAL

(u)

1. Purification of TVOPA

(U)

(U,

To purlfy TVOPA, a 1.5 g sample was placed on a Rotovac

apparatus under a high vacuum (<5 W) at room temperature for two

hours.

This was followed by chromatography on an acld-washed

silica gel column with an eluent of 50% methylene chlorife-50%
benzene. The TVOPA was again put on a Rotovac apparatus under
high vacuum (<5 u) and room temperature for a 48 hour periocd.
Material treated in this manner contained 1.8 mg of chloride per

gram of sample.

(u)

2. Photochemical Preparation of CFsNFp

(U) 1Into a 5-liter flask was vacuum transferred 5.8 g (0.03
mole) of CFsI and 5.15 g (0.03 mole) of NaF4.
irradiated for 24% hours with an immersion ultraviolet lamp sur-

This mixture was

rounded by a 9700 Corex glass filter (eliminates wavelength
below 260 millimicrons). The crude product was codistilled to
remove the bulk of impurities, then 1t was passed through a bed
of KOH pellets where most of the remalning SiF,; was removed.
Subsequent gas chromatography through a 21 ft. Kel-F tetramer
column (25% oil on Chromosorb W) at -65°C gave 1.82 g (50% of
theory) of pure material.
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(This Page 1s Unclassified)
3. ¥Fluorination of KSCN (U)

. (U) About 5.0 g (0.0515 mole) of anhydrous KSCN was placed
into a 1000 ml stainless steel Hoke cylinder, and 15 g (0.259
mole) of anhydrous KF was carefully placed on top of the KSCN.
Special care was taken not to mix the two. Fluorine (0.091 mole)
was admitted to the cylinder at -196°C. The cylinder was then
allowed to warm to -78°C and stand at this temperature overnight.
A quantitative yleld of volatile material was obtalned which
conslsted of approximately equal quantities of CFsNFz and SFs.
This mixture was separated by two careful codistillations through

S b R

At

a column packed wlth magnesium beads.

(U) This procedure could be repeated until all of the KSCN
was consumed as long as there was always a KF blanket on the KSCN.
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SECTION II

(U) _COMBUSTION KINETICS

A. INTRODUCTION (U)

(C) The use of elemental boron as a fuel for augmented rock-
et propulsion has revived the problem of the inefficlency of the
combustion of boron. The combustion of boron 1in the presence of
water or water-producing materials results in the formation of
HOBO as an intermediate product. Thils compound can arise from
the reaction between the desired combustlion product 8203 and water
(48,49), as well as from the highly reactive intermediate BOz and
water (50).

(U) The primary physical parameters of boron combustion are
due to the fact that the melting point and, especially, the bolling
point of the metal exceed the boiling point of the boric. oxide
(B20a), which is the ultimate product of the combustion. The high
vapor pressure of the oxide at the ignltion temperature of boron
in oxygen (2200°K) (48) places boron in the realm of a surface
burning metal, in contrast to aluminum, which burns primarily Iin
the gas phase (51). Table XXV shows the melting and bolling peints
of boron and some of 1ts oxidation products.

Table XXV

(U) Physical Properties of Boron, Its Oxldes and Acids®

M.P., °K B.P., °K
Boron 2450 £ 20 39%1 (estimate)
HBO2 509 = 1 Sublimes
HaBOs 441.1 + 0.2 Dissoclates at 330
Bz0s 723 £ 2 2316

3JANAF Tables

(U) It can be seen from Table XXV that the melting point of
elemental boron 1s hilgher than the bolling polint of any of 1its
-58-
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reaction products. In fact, the products HgBOz; and HOBO dis~
sociate below 600°K.

(U) The inefficilency in the combustion of elemental boron, as
well as in the borane fuels, has been attributed to the formation
of HOBO. The first definite evidence for the existence of gaseous
HOBO at high temperature was the infrared emission studies of White,
Mann, Walsh and Sommer (48). From the intensity vs. temperature
variation of the 2030 ecm™* band, the heat of reaction for:

1/2 Be02(1) + 1/2 H20(g) = HBO=(g) (1a)

was found to be 33.0 = 2.5 kcal/mol at 1350°K, corresponding to a

AHf® of -135.0 % 3.0 kecal/mol for HBOz(g). This work has led to

the assertion that the formation of HBO: is an endothermic process.
Using the latest JANAF data, a heat of reaction of +36.6 kecal/mol

1s calculated if the Bz0sz 1s liquid at 2500°K. The temperature is
approximately that calculated for the flame temperature of elemental
boron In oxygen. In fact, Fassell et al. (52) calculated an adlabatic
flame temperature at 3786°K for the combustion of boron to Bz0s in
oxygen.

(U) There is some doubt that the actual process in a rocket
combustion is simulated by this static equilibrium experiment. Ac-
cepting Talley's work at Experiment Inc., that the flame temper-
ature of elemental boron combustion is equal to the oxide boiling
polnt, then we could conclude that the primary reaction between Balgz
and water 1s a homogeneous gas phase reaction since the gaseous
H20 would first come in contact with gaseous BzOz. JANAF Table
data show that thls reaction:

1/2 B20s(g) + 1,2 H20(g) = HOBO(g) (1b)
is exothermlc by 6.7 kcal/mol.

(U) There is some reason to doubt that the formation and
exlstence of HOBO is deftrimental from a purely thermodynamic point
of view. Another possibility for the low combustion efficiency of
boreon-containing fuels could be the digsociation of Bz0z via:

(This Page R0nclassified)

CONFIDENTI AL




TR

--mmm«mmmmmm AT

R e A R B e L S GRS COREIEELL M TR A B it e R i R T

AFRPL-TR-68-26 CONFIDENTIAL
Bz20s(g) = BO(g) + BOz(g) (2)

Calculation shows the above reaction to be endothermic by 131
kcal/mol at 2500°K.

(U) The gas phase reaction 1s discussed for two reasons.
Flrst, it 1s recognized that prcblems are encountered with the
oxlde layer surrounding a burning boron particle, and this effect
will not be discussed again. The problems assoclated with the
low efficiency combustion characteristics of elemental boron may
be due largely to this. However, this oxide layer effect does
not exist in the combustion of volatile boron fuels (boranes,
berazines, etc.), while the low combustion efficiency does still
exlst, indlcating, perhaps, a gas phase combustion problem. S=zcond
and more important from an experimental point of view, the flash
heating apparatus "sees" only gas phase products which have
electronic spectra. In reporiting data on the combustion of ele-
mental boron, species which cannot be detected by the apparatus
are not ruled out, but the investigation will be concentrated
mainly on these species which can be ldentified.

(C) 1In order to more completely understand the chemlistry in-
volved in the combustion of a boron-contalning solic propellant
for air augmented combustlion, it is necessary to study the com-
bustion of boron and some of its primary oxidatlion products in
atmospheres correspond.ing to those resulting Crom the deflagratlon
of the ammonia perchlorate (AP) oxidizer and the polybutadiene-
acrylonitrile (PBAN) binder.

(U) Primary emphasis is placed on those combustion systems
which would be expected to yield HOBO as a combustion product.

B. EXPERIMENTAL RESULTS FOR PROPOSED STUDIES (U)

(U) The flash heating apparatus employed in the present work
has already been described (53%). It was employed to study the

combustion of LMH-2 on Contracts AT O4(611)-7554 and AF O4(611)-
11202,
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(U) The boron used in the present work 1s "Avco 400." The
elemental analysis of the metal is:

B = 89.75% {avg. of 90.0% and 89.5%)
C= 0.95%
H= 0.76%

The remainder is Bz0z-

(U) The oxygen, chlorine and HCl used in the combustion studies
were Dow gaseg of 99 mole percent purity. The HzBOs used in
supplementary studles was obtained from Jarrell-Ash Compaay and
showed only 1 ppm of magnesium as an impurity. The studies carried
out on Bz0s employed an oxlide obtalned for Matheson-Coleman and
Bell. This material was of at least 99 mole percent purity.

1. Volatilization of Boron (U)

(U) The first study undertaken was on the volatilization of
the elemental beron to determine which absorption lines of the
element were present.

(U) The pyrolysis of elemental boron was studied at 1815 joules
for the time delay of only 0 to 210 usec. No attempt was made to
study the volatilization at longer delay, since it was desired
only to ldentify boron lines. If the combustlion of boron proceeds
as éxpected, the lines should be present in greater intensity at
longer delays. The purpose of thig study was to determlne the
time delay for the first absorption boron lines. The shortest
line delay at which boron lines were seen was 105 usec. The lines
identified were the 2486.8 4 and the 2497.7 R 1lines of BI. Also
seen were the 0-0 lines of the 3L+«Zg transition of the dilatomic
molecule B> at 3272.8 kL and the %-3 bands of the same transition
at 3300.4 & (54).

(U) In subsequent studies described below, additional lines
of Bz were identified. The present study proved that elemental
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boron could be volatilized in the flash heating apparatus and its
gas phase products identified. Once the gaseous species B and Bz
are detectsd, 1t could be concluded that some part of the boron
combustion, small though 1t may be, 1s a homogeneous gas phase
reacgtion.

2. Reactions of HOBO and HsBOz (U)

(U) The role of HOBO has been thought to be that of a heat-
sink such as Reaction (la). In order to ascertain the absorption
lines due to the reaction of HOBO, HzBOs (HOBO-H20) was pyrolyzed
and its speectrum analyzed.

(U) The spectra of OH and BO2 were seen in greatest intensity.
: Since BOp was seen prior to BO, the followling scheme for the
P dissoclation of HOBO is suggested:

HoBOs ——> He0 + HOBO (3)

Hz0 + H + OH (%)

HOBO + H + BOz (5)

- OH + HOBO = Hp0 + BO= (6)
E and finally, BO2 + H > BO + OH (7)
’ (2)

and BOz + BO > Bz03

bond of HOBO is ruptured, not the 0-R bond.

lines to be present but of a greater intensity.

arising from:

Hz0 + 02 - 2 OH + O

-62-
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It 1s important to note that the results suggest, at least under
our experlmental conditions of vacuum pyrolysis, that the O-H

T (U) The combustion of HgBOs in 30 mm of oxygen showed the same
This tends to
indicate that the combustion of HOBO proceeds vlia the OH radlcal

(8)
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3 and HOBO + O - OH + BOa (9)

TR o R

Addlitional studles were carrled out on HOBO and HsBOsz as the
need became apparent.

40247 Wiy

3. Reactions of Bz0s (U)

(U) The high temperature vacuum pyrolysis of B0z bhas been
analyzed in detall. The specles BI, Bp, and BH were seen when
B20g was floshed. No BOs has keen detected. Until a careful
analysis is carried out, Step (2):

R R P P R

Bz0a -2 5 BO + B0z (2)

; : A

cannot be eliminated as possible reaction step in favor of:

B20s }A“’ > Ba0z + O (10)
B202 = B0 + 0O (11)
B20 - BO + O (12)

(U) G&. S. Bahn, at the 1966 Spring Meeting of the Western
States Section of the Combustion Institute, suggested the possibility
P ) of the species B20 playing a prominent role in the combustlion of
| boron (56). A series of llnes in the range 3500-3770 & cannot be
identified. These lines decrease in intensity as the pressure of
oxygen ig increased. The gsame type of behavior would be expected
from Bz0, as oxygen would cause it to react to Bz0z and Bz0z via:

B20 + Oz = B202 + O (13)
and B202 + O = B20s (14)

For a more detalled treatment of the formation of B20 from boron,

, the original paper (56) should be consulted. Time did not permit

? . a vibrational analysis of the bands to be carried out to determine
if the bands do correspond to BzO.
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& (U) In general, 1t can be said that the gas phase oxidation
i’ : of elemental boron is limited by the rate of volatilization of the
metal. The reaction products include a large number of partially
oxildized beron compounds, having very fast interconversion rates.
The balance between oxygen and boron greatly influences the for-
mation and stability of the desired product, Bz20s.

Hooks

ek
-

4. Combustion of Boron in Oxygen and Water (U)

(U) This study deals with the gas phase products from the
rcaction between liguid and gaseous boron and oxygen and in a
mixture of oxygen and water. These studies were carried out at an
oxygen pressure of 30 mm, although a few reactlons were carried
out at 20 mm oxygen. The delay time ranged from 1% to 3000 usez
at 1500-2000 joules. The time-intensity curve for the boron
species obsarved during the combustion of boron 1s shown in Figure 3.

e i o T T

(U) The first thing that iz noticed in the combustion of boron
in oxygen 1s the multitude of lines seen in absorption. These
include OH (from the "glue" used to adhere the boron to the
graphite strips plus that from the 0.76% He in the boron itself),
¢ -BO, B8-BO, BOz2, B20», BH, and the specles NH and CN, from the
volatllization of the graphite strips and thelr subsequent reac-
tion with the adsorbed nitrogen from the dry box. One spectrunm
for example, conbained 265 absorption lines between 3000 and 4500 &.

(U) The ¢-BO absorption lines were identified from the work of
Mulliken (55) and Jenkins and McKellar (69). The 8-BO spectrum was
compared to that reported by Mulliken (55) and by lagerqvist,
Nilsson and Wigartz (70).

(U) The BO bands, both a- and B-systems, were intense. The
o-bands were the 1-1 band at 4363 A; the 2-0 band between 3838
and %846 k. The B-RO bands identified were the O-4 band with the
heat at 2810 &, the 1-5 band at 2851 k, and the 3390 R band of the
2-9 absgorptlion. 7The high v" values of the BO bands indicate the
extreme thermal effects of the combustion.

" IR IR S
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(U) The BOz could be accounted for by the reactions:
BO + Oz = BOz + Oz (15) .
or BO + 0 —%s BOa (16)

The spectrum was identified with the aid of the bands reported by
Johns (57). The intensity of the BOz lines increases as the oxygen
pressure 1s ralsed from 20 to 50 mm.

(U) The species Bz0z was identified by the absorption at 4292,
4346, and 4355 K, respectively. These bands correspond well to
those reported by Porter and Dows (58). The intensity of the Bz0gz
lines 1s greatest early in the reaction, indicating it might be
due to

Bz + O2 —l\—ﬂ—> B202 (17)
M
or BO + BO —— B20> (18)

(U) The species BH was l1dentified through the absorption at
3396 K, 3682-3745 &, and especially from the lines 4319, 4331, and -
4333 k of the 'm <—— 'E transition (59,60). The source of the
hydrogen for the BH 1s most likely to be found in the hydrocarbon
"glue" used to adhere the boron to the graphite strips.

(U) As reported above, this boron-oxygen reaction has been
studied only for delay times as long as 3000 pusec. The very
complex spectrum of the boron-oxygen system suggested that many
of the early combustion products (HzBOsz, HOBQ, BOz, etc.) were
dissoclating in the first 1000 usec, while at the same time the
bulk of the elemental ocron was Jjust beginning to burn. The
proliferation of B-H-0 species early in the reaction (0-1000 usec),
as well as the predominance of BO at longer times, suggests that
indeed the first products of the combustion dissociate early in
the reaction.

(U) The combustion of elemental boron in oxygen is charac-
terized by numerous absorption lines in the range 2%00-4500 L.
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Most of the lines fall in the range 3000-4500 k. The boron-con-

taining species detected in absorption are a-BO, 8-BC, BOz, Bz0z,
B, Bo and BH. Weak OH lines are also seen. The absorption spec-
trum of BOz contains the strongest lines of the boron-containing

speciles. The B-BO system 1s the most extensive.

(U) Since no recorded spectrum for BpOs is known in the UV
or visible spectrum, thils speciesgs was not detected in the gas
phase during flash pyrolysis. However, Bp0z was detected when
the golid residue from the combustion cell was analyzed.

(U) The time-intensity curve for the boron specles observed
during the flash pyrolytic combustion of boron is shown 1in Flgure
3. The first specles seen is B(g); after about 500 usec, BO is
seen to increase rapidly in intenslty until 1500 usec when the
increase in intensity seems almost to stop. At about 570 usec
after initilation, the absorption of B20z 1s first detected. The
intensity of Bg02 increases, to about 2000 usec, where a maximum
is reached, after which the intensity decrcases. The BOo 1s first
detected at 820 usec after initiation. It »eaches peak intensity
at about 1400 psec, after which its intensity decreases.

(U) The intensity of the OH radical was also recorded for
the boron-oxygen system. Its total intensity was much less than
that observed for the boron specles, amounting to only about 30%
of that for BOz at maximum intensity. The curve for 0OH as a func-
tion'of time is shown in PFigure 4. It 1s interesting to note that
the curve shows two maxima at about 100 usec and another between
2000-3000 usec.

(U) Since it has been assumed the HOBO arises from the reaction
between water and Bz0s (Equation 1), 1t was decided to study the
combustion of boron 1n the presence of water in the hope of
elucidating the mechanisms which account for HOBO.

(U) The studies on the combustion of boron in the presence
of both water and oxygen duplicated as near as possible the above
-67-
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conditlons, with the exceptlon that the gas phase contalned 20 mm
0z and 18 mm H»0.

(U) The species seen in the study were the same specles seen
for the boron-oxygen system. The main difference in the two studies
was the change in intensity of the observed specles.

(U) The presence of B and BO can be accounted for by the

Steps (19) and (20). (Unless otherwise stated, all specles are
gaseous) .

B(s) —>> B(1,g) + Ba (19)
B(s,1,8) + 02 > BO + O (20)
The specles BOz could be formed by:
BO + Oz - BO2 + O (15)
M
or BO + 0 —> B0z (16)

wlth the three-body Reaction (16) much less likely to occcur than
Reaction (15). Both BO and BOz can form if the oxide Bo0s dis-
soclates at temperatures above 1ts boiling point, via:

Ba0s(g) —2— BOz + BO (2)

(U) Data previously presented (57) indicate that Reaction (6)
indeed does occur. However, the extent of this dissoclation has
not been ascertained. The intermedlate Bz0z can occcur by:

BOz + B - Bz202 (21)

or by the three-body collisions:

Bz + 02 —M—> B202 (17)
and BO + BO -4 Ba0: (18)
_69_.
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: : or even by:

b :_ B20s hv > B0z + O (10) )

The situatlon 1s made more complex when the posalbllity of the
formation of HOBO via Reaction (1), 1s considered, or by:

1/2 Bz20a(1,2) + 1/2 H20 - HOBO(g) (1)

E?
i
L
t
t
14
1
E

The water arilses elther from the hydrogen in the boron or from
the "glue" used to adhere the boron to the graphite strips
(Apiezon N dissolved in benzene).

nan o ool gl

(U) As reported previously (57), the HOBO (formed by

heating HzBOs) seems to dissoclate at high temperatures to H and
BOz by:

HOBO(g) 2> H + BOa (5)

: (U) Only BOz was observed, since HOBQ has no UV or visible o
} spectrum. Reaction (5) 1s probable in light of Equation (6), l
{ where the 0H radical would scavenge the hydrogen atom, formed

; along with the B0z, to form water. It 1ls peileved that by Reac-
tion (5) the elementary process for the dissociation of HOBO 1s
observed.

(U) In the presence of a third body (such as other exhaust
products), the left hand side of Reaction (5) would predominate.

L T

(U) The OH time-intensity curve of Figure 4 indicates that
Ol is formed rapldly up to around 100 ysec, after which 1t reacts
with some other species 1n the gas phase to such an extent that its
Intensity 1s reduced to a minimum at about 500 psec. The second
increase in OH intensity could arise either from dissociation of
an OH containing species, or from the lack of species to react

wlth OH. No definite conclueions could be drawn from the graph
alone.
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(U) In order to study the effect of water on the boron-
oxygen system, a study was carried out at 20 mm Oz pressure and
18 mm Ho0 (Just enough water to sabturate our cell at 25°C and
still not have condensation). Figure 5 shows the time-intensity
curve for the OH radical derived from these experiments. The
correction for OH due to the flash photolysis and pyrolysis of
water alone has been applled to thils curve. The resultling curve
in PFigure 5 shows only the OH due to the reaction between the
boron and the oxygen/water mixture, uncorrected for hydrogen 1in
the boron or in the "glue." This total intensity of OH in Flgure
5 is about one order of magnitude brighter than that in Figure 4.
The CH iIntensity 1n Flgure 5 1s greater than that for any boron
specles detected in this study. The intensity of BO and BOz are
each about 35% as great as that of OH.

e SR TR R ENTSR IR R ISR N PR L MR T
e i cic i i o i T AR A

(U) The greatest dissimilarity between Figure 4 and 5 is
that the second OH.peak in Flgure 5 occurs at ~1400 usec, while
that in Figure 4 occuis at times greater than 2000 usec. At
2500 usec the OH of PFlgure 5 1s quite weak, indicating a low
concentration of OH In the gas phase.

(U) The total effect of the water on the OH concentratilon
gseems to be shown by the time compression of the second maximum
of OH. It could be that the water reacts very fast with the BO2
to produce HBOz and COH, resulting in the second maximum of OH
ocecurring at ~1500 usec, whereas in the low water case of Flgure
4 the increase in OH 1s much slower. The decrease in OH at times
in excess of 1500 psec could result from the reaction of OH with
BO to form HOBO via:

OH + BO - HOBO (9)

or from the combination of OH radicals to form water:

OH + OH » Hz20 + O (8)
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(U) A further possibility is the reaction between B(g) and
"0OH to form the yet undetected HEO by:

B + OH —Y HBO (22)

(U) In conclusion, it i1s shown that HOBO can be formed in
four ways from the oxidation products of boron combustion in the
presence of a source of hydrogen:

Hz0 + BOz = HOBO + OH (6)

1/2 B20s(s,1,g) + 1/2 Hz0 = HOBO (1)
H + BOz = HOBO (7)

OH + BO 2> HOBO (23)

(U) It must also be recognized that, as long as water or any
source of water 1s present in a boron-oxygen system, the formation
of HOBO cannot be prevented. The high temperatures encountered 1in
boron-combustion alsc favor HOBO as the combustlon product in the
above four equations. The reverse of Equation (1) probably takes place
outslde of the rocket englne fto give the desired product of
combustion. Equations (6), (7), and (23) are the most probable
causes of the formation of HOBO, particularly (6) and (7).

5. Combustion of Boron in Chlorine and HCL (U)

" (U) Combustion studles of boron in chlorine and HCL were being
carried out concurrently with the studies involving oxygen and
water. The data from these chlorine studles produced no unexpected
results.

(U) The combustion studies employing chlorine as the oxidizer
were carried out at a pressure or 35 mm. Flash energy was held
constant at 2000 Joulea. Delay time ranged from 30 to 10,000 usec.

(U) The products observed in the reaction between boron and
chlorine are Cl, Clz, BCl and BCls. The (Clz and Cl spectra were
recognizable from our earller work on NHy4ClOs and are described

-7l

UNCLASSIFIED

- . [




CONFIDENTIAL  arrro-1r-68-26

there (53). The BCl spectrum was correlated to the 'm+'Z
transition in the range 2650-2880 A described by Miescher (62)
and Herzberg and Hushley (63). The B(Cls wss correlated with a
diffuse reaction with that cbserved when pure BCls was analyzed.
Figure 6 shows the time-intensity curve for the species Clz, C1,
BCl and BCla observed during the reaction. The observed absorp-
tions due to B and Bz were not sufficlently strong to warrant
belng plotted.

(U) The rapid disappearance of Clz and appearance of Cl in
the combustion of boron could bs explained by:

R AT T L L

(g

Cla v 2 Cl (2k)

Since Clp 1s almost gone when BC1l 1is first formed, the followlng
steps are qulte probable for the 1nitlal formation of BCl:

B(s) —%> B(y) + B - (25)
Q and B(s,1,g) * Ol M sl (26)

(U) The very fast recombination of Cl to Clp should cause
Clz to reappear at a rate proportional to the disapﬁearance of C1.
Since this 1s not seen, it 1s belleved that BCl reacts with the
reformed (lz t0 generate Cl and BClz and BCls by:

BCl + Clp = BClz + C1 (27)
BClz + Clp + BCls + C1 (28)

wlth the final step:
c1 + o1 M c1s (29)

accounting for the lncrease 1n Clp as time lncreases.

(U) Although BClz was not observed spectroscoplcally, its
i formation would account for the induction time for the formation
of BCls as well as for the low Intengity of Clz and long persilstence

_75...
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of ¢l1. If the reaction:

BCl + Clz » BCls (30)

g

were to proceed instead by the stepwlse route, the dilisappearance
of C1l would be lmmedliate and would terminate when BCl reached a
maxilmum.

T R LR AR R 11 g

1 R

; (U) The reaction between boron and chlorine is clecan and not
f unexpected, ylelding gaseous BCls as the final product.

(U) When B was Tlashed in the presence of HCl, the species
B, Bz, BCl, BCls and BH were detected. The reaction was not
systematlically studled, as it seemed similar to that of boron and
chlorine with the exception of small amounts of BH present.

C. EXPERIMENTAL RESULTS FOR MODIFIED STUDIES (U)

1. Introduction (U)

(¢) The work carried out on the combination of boron in the
presence of water and oxygen led to the conclusion that one way to
minimize the formation of HOBO was to decrease the amount of water
found in the combustion system. There are two sources of water
in the combustion system, namely, the hydrogen from the oxidizer
AP and the hydrogen from the binder PBAN.

(¢) WwWork carried out at Thiokol Chemical Corporation has shown

that,at least to a first approximation, the flame temperature of

a boron-AP formulation 1s strongly dependent upon the voron/AP
ratio (6A4) and less strongly on the bilnder compogition. Xeeping

in mind that a flame temperature of at lesst 2200°K is necessary
to insure combustion of the boron, 1t seemed prudent to try to
modify the binder comyogition in such a way ag to decrease the
amount of water formed during binder combustion.

(¢) It was decided, on thermodynamic grounds, to study the
combustion of boron in oxygen and a fluorine-contalning compound.
The fluorine should react with the hydrogen (in this case from the

~76-
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boron and the "glue") to form HF, which,belng thermodynamically
more stable than water, would preclude its formation as well as
that of OH.

AFRPL-TR-68-26

(U) A reduction in the concentration of these two specles
would reduce the formation of HOBO,and thereby lncrease the
combustion efficlency of the boron/AP reaction. However, any
combustion system supplying elemental boron to the air supported
combustion process must have a flame temperature 1n excess of
~2300°K. Therefore,.it is imperative that the flame temperature
for any modified system supporting alr augmented combustion be
determined. This last statement included the flame temperature
for the boron/oxygen and boron/oxygen/water system previously
studied.

(C) The study of the effect of fluorine atoms on the combus-
tion of boron in oxygen was studied in several systems by flash

e el L

: pyrolysls and kinetic spectroscopy.

(u)

- 2. Systems Studied

(u)

systems studled were:

The compositions of the

(u)

flash.

CONFIDENTIAL
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(1) ~45 mg boron/30 mm O2
(11) ~45 mg boron/20 mm 02/18 mm Hz0
(111) ~45 mg boron/10 mm 02/10 mm Fa
(iv) ~45 mg boron/15 mm 0z/30 mm Fz
(v) ~45 mg boron/25 mm 0z/10 mm CHoFa
(vi) ~U5 mg boron/25 mm 0z2/10 mm CHFs

A1l combustlon studles were initlated by a 2000 jJoule
Initial analyses were made at a delay time of 100 usec
and analyzed for as long as 2.5 milliseconds after inltiation.
The data were recorded by photographing .the absorption spectrum
of each reaction in the spectral range 2000-6000 !, using Kodak
103-0 and 103-F spectroscoplc plates.
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(U) The first two systems, (1) (61) and (ii) (65), were
studied to give base line values for the effect of water on the
combustion of boron in oxygen.

(C) Systems (iil) and (1iv) were studied to show the effect

of fluorine atoms on the combustion of boron in oxygen, and, in

particular, to determine the extent of reduction of the OH radical
concentrat . Hydrogen was always present in our system as a

result of the 0.8% hydrogen in the boron itself plus that due to
the Apiezon stopcock grease needed to bond the boron to the graph-
ite plates used in our pyrolytic technique. 3ystems (v) and (vi)
were studled to determine the effect of introducing fluorine atoms
at two different H/F ratlos in the prototype monomers into the
solld propellant system. Primary consideration was given to the

distribution of combustion products and to the flame temperature

for each of the above systems, since the flame temperature of the

s01id propellant combustion process greatly influences the amount
of boron supplied to the incoming air, as well as the physical
state of the boron [M.P. = 2450°C (JANAF)].

(C) The proposed stoichiometry of the reaction between oxygen
and CHzF> is:

CHaF2 + 02 = COz + 2 HF (31)

The reaction between 0Oz and CHIs 1s proposed to be:
CHF3 + Oz - COz + HF + F» (32)

(c) System (v) was studied to determine the effect of a pro-
totype binder, CHzFz, which was stoichiometrically balanced to
form HF by 1tself, on the reaction between boron and oxygen.
System (vi) is an example of a fluorine-rich system (one which
has an F/H ratio >1). The excess fluorine is availlable to react
with the hydrogen from the oxidizer as well as from the plasticizer.

(U) Thermochemical calculatlons show that if BFs and HzO were
found, instead of Bz20; and HF at 2500°K, thc reaction:

-78-
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2 BFs(g) + 3 H20(g) »~ Ba20s(g) + 6 HF(g)

AFRPL-TR-68-26

(33)

would have a free energy of -33.3% kcal.

This negative value for

the free energy means the right side of (33) would be favored.

The

U R e Y WS

overall effect of the fluorine would be to minimize the formation
of Hp0 and, hopefully, that of HOBO.

(U) Plate intensitles were read with a Jarrell-Ash ratio re-
cording microphotometer. A mercury arc was used to calibrate the
spectrograph and the spectroscoplic plates.

(U) The flame temperature was inferred from the rotational
distributlion of the (0,0) band of the A25% - X3 transition of the
OH radical (5%). The technique is that of Dieke and Crosswhite (66)
and involves the distribution of intensity among lines of the
rotational fine structures of a band spectrum. A discussion of the
merits of the technique can be found in NBS Circular 523 (67).

(U) The experimental observations are discussed be.iow. Analysils
and interpretation of these observatlons are presented later in
the Discussion Section.

%, Results (U)

a. Combustion of Boron in Oxygen and Water (7)

(U) The experimental results and the discussion for the com-
bustion of boron 1n oxygen and in a mixture of oxygen and water
has been previously described (B-2). However, the calculation of
the flame temperatures for these systems had not been carried out
at that time.

(U) Figure 3 shows the correlative intenslty of boron speciles
observed durlng the combustlon of boron in 30 mm of Op. The rel-
ative concentration of the 0H radical observed during the same
reaction 1s seen in Figure 4. The second and more prominent OH
maximum seems to correspond in time to the rate of formation of
BO>. The OH intensity is about 30% of that for BO-2 at maximum
intensity. The hydrogen for thils weak OH spectrum probably came

_79_

UNCLASSIFIED




T ——
e

RS

e e L ?

¥ TN
o BRI

LS

| o B R
—

I

T R i S T e s

AFRPL-TR-68-26 UNCLASSIFIED

From the stopcock grease "glue" used to bond the boron to the

graphite strip, as well as from the 0.8% hydrogen in the boron
metal 1tself.

(U) The flame temperature of the boron-oxygen system dis-
cussed above 1s shown in Flgure 7. The lines through the experi-
mental points are the uncertainty in the temperature measurement.
The maximum in the flame temperature correlates qulte well with
the first significant appearance of B0z at about 1000 usec after
Initlation. The steady state flame temperature of about 2350-2400°K
is reached at about 2000 usec after inltiation. This corresponds
in time to the steady state concentration of B0O belng attained
(compare Figures 3 and 7).

(U) There seems to be no direct correlation between the flame
temperature and the QOH concentration for the boron-oxygen sgsystem
other than both approach some equilibrium value at about 2000 psec
(Figures 4 and 7). : .

(U) The time-intensity curve for the OH radical observed dur- .
ing the combustion of borcn in the presence of oxygen and water
is shown in Figure 6. The totél intensity of the OH in Figure 6
is about 10 times that in Figure 4. The total intensity of BO
and BOz are reduced to a value below that seen in Figure 3.

(U) The flame temperature for the boron-oxygen-water system
is seen in Figure 8. The lack of coincidence of the flame tem-
perature with the OH radical concentration indicates that the
process or processes which give rise to the initlal large amount
of OH are not necessarily those which govern the combustion tem-
perature of boron in an oxygen/water mixture. The profile of the
flame temperature which occcurs at times greater than 1000 use.
gseems to parallel the concentration change of the OH radical during
the same time period. Thils could indicate that the process which
governs the rate of formation and disappearance of the OH radical
could also control the temperature of the whole combustion process. ¢
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(U) It is important to note that the addition of water to
a boron-oxygen system reduces the maximum flame temperature by
about 300°K. This effect is in the direction indicated by the

reaction:

i
.

H20(g) + BOz2(g) > OH + HOBO AH = +7.5 keal (6)

R 2500

Ay TR I

b. Combustion of Boron in Fluorine and Oxygen (U)

(U) Detailed analysis of these combustion systems has not been
completed; however, certaln gross features were observed. The prod-
ucts at 100 usec in both Systems (111) and (iv) were primarily
BF and HF. The BF/HF ratioc was greater in the fluorine-rich System
(iv) than 1t was in System (111).

(U) The OH intensity was reduced considerably by the addition
of fluorine, showing the preferential formation of HF over OH.
The OH intensity 1s about 15-20% of that of a boron-oxygen system.

(U) The maximum flame temperature for System (i11), which con-
tained equal amounts of fluorine and oxygen, was 2663 = 37°K, as
shown in Figure 9. The flame temperature for a boron/oxygen/flame
which has twice as much fluorine as oxygen 1ls seen in Figure 10.

In this case, maximum flame temperature 1is observed at 100 psec

‘ (~2047°K). A minimum is reached at 500 psec (~1730°K) and a

| second maximum at 2000 usec (~20%0°K). This 1s considerably
below the 2663°K attained in System (111). The flame temperature
seems to decrease as the F/0 ratio is increased. The OH intensity
is about 10% of that observed in a boron/cxygen system.

(U) The overall effect of the addition of fluorine to a boron-
oxygen combustion system 1s to decrease the OH concentration
with the subsequent decrease in the amount of water formed. The
flame temperature also decreages as the fluorine concentration is

SRt N e

i increased.
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¢. Combustion of Boron 1ln Oxygen/Fluorinated Binder Prototype

Py w0 e e L L
5

Systems (C) i,

(C) The combustion of boron in 25 mm Oz and 10 mm CHzFz de-
creases the OH intensity to almost 45% of that observed when no
additive was present. The flame temperatures for this system are
seen in Figure 11. Two temperature maxima are seen; the first at
500 psec is about 2640°K, with the second at 2000 psec about
2515°K. These are about equal to the temperatures for a straight
boron/oxygen system. The two maxima could be indication of a two-
process flame reactlion. No attempt has been made to evaluate this
phenomenon.

(C) The addition of CHaFp, which has the same H/F ratio as a
polyvinyl fluoride binder —éCHa-CFgé—x, has very little effect on
the flame temperature of the overall combustion. It seems to minil-
mlize the OH concenﬁration, yet does not seem to prolong the com-
bustion process. b

(C) The combustion of boron in an atmosphere of 25 mm Oz and -
10 mm CHF3 was studied to determine whether the excess fluorine
ol the prototype binder had a detrimental effect on the flame tem-
perature.

(U) As seen from Figure 12, the maximum flame temperature was
only ~2410°K. As in all other cases, two maxima are seen, with
the Cirgt maximum occurring at ~200 usec. The temperature minimum
al ~500 usec is not very pronounced and leads smoothly to the
second maximum at about 1000 ysec. The second maximum occurs
earlier than for any system studled, excepting the fluorine-
rich System (1v), where the second maximum also occurs at 1000 psec.

(U) The total OH intenslty 1s about 20% of that for the boron-
oxygen gystem. Thils result and the increased BO and BOz intensities
suggest a scavenger effect of the fluorine atom toward the hydrogen.

(U) All studles involving the addition of fluorine-containing
molecules indicated a decrease in the amount of OH formed. The
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initial boron products were BF and BFs, whereas those in the last
1000 usec were BO, BOg, and Bg0p, almost to the total exclusion

of BF as BFs. The final fluorine product was HF. Whlte Bz0s was
the ultimate condensed phase low temperature product. The major
carbon specles was €0, not CO» as postulated in Reactions (31) and
(32).

d. Discussion of Results (U)

(1) Combustlon of Boron 1n Oxygen and Water (v)

(U) The combustion of boron in oxygen has already been dis-
cussed in detall (31). The addition of water causes a decrease
in the intensity of B0z and increases the lntensity of OH, as
expected if Equation (6): 1

H20(g) + BOz2(g) - OH + HORO AH

R 2500 = +7.5 keal (6)

1s obeyed. The endothermlic reaction could cause a lower flame
temperature.

(U) The overall effect of the addition of water primarily
lowers the ignition temperature with the subsequent lowering of
the flame temperature. These two effects, along with the recog-
nized formation of HOBO, can account for the lowered combustion
efficiency of the boron-AP-PBAN system. We believe the cause of
this reduced efficiency 1s due to the large amount of Hz0 found
in the system. The water reacting wlth the BOz2 promotes the
formation of HOBO at the expense of Bz20g, the desired product.

(U) The above conclugion, if valid, immediately suggests 1ts
own remedy: reduce the formatlon of water in a B-AP system and
the formation of HOBO willl be reduced by minimizing the following
reactions:

Hz20(g) + BOz2(g) + OH + HOBO (6)
1/2 H20(g) + 1/2 B20s(1,g) = HOBO (1)
-89-
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and B0 + OH > HOBO (9)

The studies on the combustion of boron in oxygen and in fluorine-
contailning ingredients were initlated to prove the validity of
this conclusion.

(2) Combustion of Boron in Oxygen and Fluorine (U)

(U) The decrease in UH intensity to about 10-20% of that
for the pure boron-oxygen system, coupled to the increased intensity
of BO and BO2, and the appearance of HF, indicates that the ad-
ditlon of Fluorine does decrease the amount of water and OH in the
system. The decreased Hp0 and OH seem to be due to the preferential
formation of HF over these two specles.

(U) The anomalous flame temperature of 2663°K for System (1ii)
is still a mystery (Figure 9). This flame temperature 1s about
100°K higher than that for a boron-oxygen flame and is almost
1000°K higher than that reported by Texaco for a pure boron-
flu . .ne flame having AEa=O (68) . The two temperature maxima seen -
in ¥igure 8 could be due to two different and separate processes.

The second maximum is in the range of that for a boron-oxygen
flame. It also has almost the same lnduction time ag a boron-
oxygen flame, as can be seen by comparing the rise of reactlon
products 1n Flgures 3%, 4, 7 and 9. The increase in BO and BO:z
concentration of Figure % correlastes falrly well with the rise

of the OH concentration of Figure 4. The shorter inductlon time

of the maximum flame temperature of PFilgure 5 can also be correlated
to Figures % and 4. The slightly longer induction time of Figure

8 can be explained as being due to the diluent effect of the HF.

(U) According to the work reported by Texaco (68), a lower
flame temperature can be expected from a fluorine-rich system.
This .owered flame temperature is exactly that seen for System
(1v) in Pigure 10. The product BF was obs. - *d to be present at
times later than that observed in System (i1i). Thils increased ’
amount of BF could account for the lowered flame temperature, as

some of the boron is not availlable to react with the oxygen at times
less than 2000 psec.
-90-
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(U) In summary, the gross overall effects of the addition of
fluorine to a boron-oxygen combustlon system are:

(a) A decrease in the amount of OH and Ha0 found.

(b) The final hydrogen-contalning product is HF.

(¢c) The BO and BOz are seen in increased interwsities.

(d) The flame temperature is decreased as the con-
centration of fluorine In the system 1is 1ncreased.

(U) From a spectroscopic point of observation, the addition
of fluorine 1tself seems to alter the intensity of OH, BO, and
BOz 1n a manner consistent wlth a reductiocr of the OH and an
increase of the BO and BO>. The flame temperature of an equlva-
lent mixture of oxygen and fluorine 18 about the same as that for
a boron-oxygen flame. A fluorine-rich system reduces the flame
cemperature.

e. Combustion of Boron in Oxygen/Fluorinated Binder System (C)

(¢) The combustion of boron in 25 mm Oz and 10 mm CHaF2 re-
sulted 1n a substantlal decrease in the OH intensity. The flame
temperature out to 1100 usec 1s higher than that for an equiva-
lent mixture of Oz and Fz (compare Figures 9 and 1) . This could
be due to two causes: Tfirst, the prototype monomer CHoF2 has
withln 1tself the equivalent to form 2 HF in an exothermic way; and
secondly, the heat of comhustion of the carbon to CO generates a
higher temperature. These two reactlions probably take place
immedlately (~100 usec) after the flash. The temperature minimum
at 1250 usec could be due to the above two reactlons belng final-
ized while the reaction of boron and oxygen 1s Just beginning.

I some COp were formed along wlth the CO, the flame temperature
would be increased above that normally expected. The formation

of COz would also result in a depletlion of the oxygen avallable

for combustion, with boron gilving a lower flame temperature for
thls reaction (compare second temperature maximum in Figure 11 with
the flame temperature maximum in Figure 7).
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(C) The flame temperature range for the combustion of boron
In a mixture of 0z and CHzFe compares favorably with that for a
pure boron-oxygen flame. The addition of CH2F2 does seem to de-
crease the OH and Hz0 formed while still maintaining a high flame
temperature. The cause for this effect should be studied further,
as 1t 1is unexpected due to the stolchlometry of CHzF:.

(C) The temperature of boron in 25 mm Oz and 10 mm CHFs, while

giving a lower flame temperature than does CHzF2, seems to yleld

a smoother reaction as evidenced by the lesser variation in flame
temperature. The greater intensity of BF at times approaching

1000 usec tends to indicate that some of the fluorine origlnally
present in the CHFs would be avallable to scavenge the hydrogen
from the NH4Cl0, and form additional HF directly or by a reactlion
similar to Reaction (33).

2 BFs(g) + 3 Ha0(g) > B20s(g) + 6 HF(g)  (33)

(C) The flame temperature of the B/CHFz/0z system is inter-
mediate between that for B/CHzFz/02 and 2 F2/02/B. Agein, the
indication is that fhe more fluorlde that 1s added to the system,
the lower 1s the flame ftemperature.

(C) We believe that we have demonstrated, from a combustion
point of vlew at least, that certain prototype fluorinated monomers
are helpful in reducing the amount of OH and H20 present during
the combustion of boron in a system containing oxygen and hydrogen.
Furthermore, we belleve that a binder whilch contalins Just enough
fluorine to give HF stolchlometrically when all the hydrogen 1in
the system 1s reacted will yield a flame temperature comparable
to that of pure boron-oxygen flame.

4. Recommendations (U)

(¢) We recommend that additional work be performed to pursue
mocre intensively the use'of fluorinated binders for ailr auvugmented
boron-containing so0lid rocket propellants. The work reported above
shows that 1t may be possible to minimize the formation of HOBO by
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reduzlng the OH and Hz0 in the combustion system by the addition
of certain fluorinated binders.

D. EXPERIMENTAL STUDIES ON BORON/AP SYSTEMS (y)

-

"sg“ﬁ.-yw- LT e

Y ez g

1. Introduction ()

(y) In order to more fully exploit the recommendation made in
the last section, 1t 1s lmperative to know 1f the major source of
water and OH 1ls Indeed the PBAN binder, as postulated, or whether
the AP itself is a major source of OH and water.

(y) Previous studles carried out at Dow (53) show that OH 1s
indeed a product of the high temperature decomposition of AP. The
gquestion, however, remains: In a boron-rich system, is the OH
Trom the AP suffilclently reactive to interact with the boron and
be destroyed, or is 1t stable enough that 1t can react with
oxygenated specles from the boron combustion to produce HOBO?

(y) A reactlon system containing boron and - AP was subjected
to flash pyrolysis in order to determine the mode of interaction
of the two lngredilents at combustlion temperatures.

2. Experimental Results (U)

() The bhoron used in this study was "Aveco 400." The AP was
from the same batch as that used in our study on AP decomposition (6).
Flash energles varied from 1600 to 2000 joules. Spectroscope
delay times varied from 12 to 3800 usec. The sample composition
was T5% boron and 25% AP by welght. Apiezon ‘N stopcock grease
was needed to bond the boron particles to the graphite surface.
Thus, the system contalned a source of hydrogen other than that
found in the boron and AP.

(u) The spectra are particularly rich in lines in the region
3400-3800 £. The OH intensity, at all delays, is weak. A strong
and persistent absorption spectra of BH 1s observed. A weag
absorption spectra of BCl is seen early 1n the reaction. Lines due
to the o system of BO are noted early and increase in intensity as
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the reaction proceeds. A few lines of CH and CO are also seen.
They are probably due to the combustlon of the stopcock grease. A
few lines of BOz and Bz0z are also seen. The waxing and waning of
the observed lines indlcate that the AP 1s dlssoclated at a tem-
perature much lower than that needed to produce B and Bz vapor from
the elemental boron.

(u) The weak intensity of the OH spectra and the absence of
lines due to water suggest that hydrogen sources other than AP are
responsible for the formation of water and ultimately that of HOBO
found in the combustion system. The obvious conclusion that can be
reached 1s that the alternate source of water 1s the PBAN binder.
If this proves to be the case, then the remedy suggested in the
previous sectlion should be valld and worthy of continued effort.

(u) The surprising intensity of the diatomic molecule BH
suggest that 1t also could react wlth oxygen to form HOBO via

BH + Oz » HBO + O (34)
HBO + Oz + HOBO + O (35)

(y) This mechanism would also account for the formation of
HBO, suggested as an Intermediate by some people.

E. EXPERIMENTAL STUDIES ON THE COMBUSTION OF ALUMINUM (U)

1. Introduction (U)

(y) The fuel given second priority to boron for use in alir
augmentedr combustion is aluminum. For this reason, work was
initlated on the combustion of aluminum in oxygen. The combustion
of aluminum in general is well known and will not be discussed in
detail.

2. Experimental Resulis (U)

(U) About 30 mg of 99% pure aluminum powder was flash pyrolyzed
in the presence of 50 mm Oz. No "glue" was needed to adhere the
aluminum to the graphlite substrates. The flash energy was held at

-gl-
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a constant 1815 Joules (11 KVat 30 nrd). Delay times were varied

from 22 to 2500 usec. Intense line spectra at 3082, 3092 and 3961 A

wére observed. These correspond to the persligstent lines of atomic
aluminum vapor AlI. Band spectra corresponding to AlO were seen

to increase 1in intensity after 100 usec and reach an apparent
maximum at ~1500 Msec. Black body radiation was seen to appear at
times greater than ~500 usec and was seen to increase in intensity
as time proceeded. This was attributed to radiation from the solild
Alx03 found in the reactlon.

(U) The persistence of the A1I lines indicates that a good
portion of the aluminum was in vapor state during the course of
the combustilon.

(U) No OH lines were seen,attesting to the purilty of the alu-
minum. '

F. SUMMARY (u)

(¢) The work reported herein shows that HOBO probably is
formed from the reactlon of OH and Hz0O wilith BO and B0z rather than
from lliquld BzOz and water. Further, it is shown that the
substitutlon of a fluorinated binder for PBAN decreases the amount
of OH and HzO formed durilng combustlon. Thilg reduction of 0H and
Ho0 results directly 1n a decrease in the amount of HOBO formed.
The effects of thils reduction of HOBO are manifested in an .
Increased flame temperature and increased combustion efficlency.

(U) The primary source of OH and Hz0 in a boron propellant
for alr augmented combustion ls the hydrocarbon binder, not the AP.

(u) The combustion of aluminum seems to be smooth,resulting in

cundensed Algz0Os as filnal product.
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